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ABSTRACT 
The effects of nutrient and biomass distribution on growth and nutrition of an age 
series of young stands of Sitka spruce (Picea sitchensis (Bong.) Carr.) prior to canopy 
closure have been studied to find out if the concept of steady-state nutrient status, 
pioneered by T. Ingestad, is valid under field conditions. Three similar experimental 
sites for this purpose were located at Manor Valley, Glentress and Innerleithen Forestry 
Commission Plantations, 40 to 50 km south of Edinburgh. Detailed quantitative 
analysis of the biomass and nutrient dynamics on tree growth have been made in 
relation to nitrogen uptake rate and nitrogen productivity. 
The results obtained showed that, leaves and branches constitute over 65 % of the 
biomass production with over 75 % of N, P and K nutrients. Significant allometric 
relationships were established between dry biomass, nutrient contents and tree 
dimensions for the different component parts of the trees at the three ages (R 2 = 
0.66-0.99). Basal area provided a reliable estimation of leaf area up to canopy closure. 
Maximum leaf area density and leaf nitrogen mass density were determined with 
respect to leaf age and position of leaves within the tree crown. The distribution of leaf 
nitrogen on an area basis in older trees was consistent with an optimal distribution for 
photosynthetic activity with depth in the canopy. This may enhance whole plant carbon 
gain over that possible from a uniform distribution of fixed amounts of nitrogen among 
leaves of different age class in the canopy. A model was developed for specific leaf area 
distribution within the canopies and this indicated the potential of the photosynthetic 
apparatus to acclimate to low light conditions in dense stands compared to open stands. 
Particular attention has been given to biomass and nutrient productivity models to 
investigate ecophysiological processes and growth efficiency as a result of interactions 
between nutrition and stand structure, especially with respect to leaf age and the 
position of leaves within the tree crown. This showed that the comparatively stable 
canopy of older Sitka spruce trees seems to develop morphological and physiological 
gradients of leaf biomass and nitrogen distribution that parallel the gradient of 
decreasing light with increasing depth in the canopy. 
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Growth analysis proved to be a useful tool for understanding the growth of young 
trees, particularly the distribution of biomass and nutrients in terms of allocation ratios 
and component production rates, and led to a better interpretation of growth responses 
to nitrogen uptake. The relative growth rate of stems (R S  = 0.71 kg kg 1 a 1 ) was higher 
than that for the whole tree (R = 0.69 kg kg 1 a 1 ), indicating that stems are a major 
preferred sink for carbon in Sitka spruce. 
This thesis has demonstrated that the concept of relative addition rate, developed in 
the laboratory, was found to be consistent with exponential growth under field 
conditions and that a stable nitrogen status must have been achieved since the relative 
growth rate (R) and nitrogen uptake rate (RN)  were found to agree very closely (R = 
0.69 a 1 , RN = 0.66 a'). The efficiency of growth of young Sitka spruce was attributed 
to dynamic coupling between nitrogen content and growth rate, and it was concluded 
that higher productivity could be achieved by implementing fertilizer regimes that are 
designed to increase nitrogen uptake rate whilst maintaining a stable nitrogen status. 
The results in this thesis are relevant for estimating nutrient drain on forest sites and the 
prediction of the consequences of fertilizer application, and they also highlight 
important features of Sitka spruce for intensified management planning. 
CHAPTER 1 
INTRODUCTION 
1.1 Research strategy and objectives 
Nutrients under forest conditions are held in the foliage, bark and branches, 
sapwood and heartwood of the trees, in the soil and in the understory vegetation. There 
is, therefore, considerable scope for quantitative variation in interactions between roots 
and tops and use of soil resources in relation to distribution of biomass and productivity 
as a result of nutrition / growth relationships (Bowen, 1985). Appreciation of the 
effects of nutrient and nutrient cycling on tree growth and forest productivity has led to 
a considerable increase in research in the field of nutrition in recent years (Miller, 1984; 
Landsberg, 1986). Despite these advances there has not as yet been any attempt to 
assess steady-state nutrient status and plant growth under field conditions. Therefore, 
the initial objective of this study was to demonstrate conclusively under field conditions 
that growth of young Sitka spruce (Picea sirchensis (Bong.) Carr.) up to canopy 
closure is associated with steady-state nutrient status on average sites. 
This initial objective can be satisfied through measurement and modelling of 
biomass and nutrient contents of young Sitka spruce stands to which no nitrogen has 
been applied, so as to explore the consequences of changes in canopy structure and the 
effectiveness with which leaves convert radiant energy into dry matter with age. The 
amount of nutrients in trees of different ages define the rates of supply and uptake, 
rather than the total amount of fertilizer added or the concentration of a nutrient in the 
soil solution. These ideas, developed by Ingestad (e.g. 1982), are of considerable 
importance to the field of plant nutrition and fertilizer application and, in areas where 
nitrogen is the principal limiting element, lead to the conclusion that forest productivity 
can be predicted with the aid of the nitrogen productivity concept (Axelsson, 1983a). 
This experiment is, therefore, aimed at finding the effects of nutrients on tree growth 
prior to canopy closure and identifying relationships between nitrogen uptake rate and 
status of the trees, growth rate and biomass allocation under field conditions. 
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Ideally, progressive changes in stand dynamics should be followed over a complete 
period of growth at the same spot but this entails long term investigations incompatible 
with the time scale of this project. As an alternative, an age series of stands was studied 
within a general area of similar environment and management history and the series was 
regarded as representing the stages in development of an individual stand. Thus, 
changes in tree biomass and nutrient contents with time provide some measure of the 
dynamic processes involved and the changing relationships between nutrients and 
biomass in the different component parts of the trees. Such relationships are 
instantaneous products of continuous dynamic processes, but in the longer term the 
amount of dry matter produced must be proportional to the mass of nutrient absorbed. 
Thus, quantitative analysis is of paramount importance to understanding growth of the 
trees in the age series of this study, in terms of the physiological processes involved 
and the way these processes are influenced by the environmental variables to which the 
trees are subject. Such evaluation is of considerable importance during critical periods 
of stand development in relation to the mechanism of nutrient uptake, gradient of 
nutrient distributions and tree nutrient status, and may lead to suggestions of improved 
cultural practices to increase productivity and to predict a suitable fertilizer application 
regime. Efficient fertilization routines with minimal nutrient leaching and environmental 
hazards can be attained by maintaining steady-state internal nutrient concentrations over 
time (Ingestad, 1988). Therefore, detailed analysis of nutrient dynamics is essential if 
we are to understand responses to fertilizer applications. 
1.2 Nitrogen status and nutrition growth relationships 
Plant mineral nutrition has been the subject of extensive research work but without 
a unifying interpretation of the results. Complex models have been produced, useful in 
relation to the experimental data but with little contribution to the understanding of basic 
processes (e.g. Nye et al., 1975; Sinclair and De Wit, 1976; Thornley, 1976). 
Considerable work in forest nutrition has been directed towards comparative studies 
rather than experimental techniques and little has been done in the field to relate growth 
to nutrient cycling (Tamm, 1979). 
Whilst foliar analysis has been widely used, seasonal variations in carbohydrate 
contents are likely to produce major errors in the interpretation of foliar analysis when 
expressed as percentage of dry weight (Aronsson and Elowson, 1980; Smith et al., 
1981). Leaf and Madgwick (1960) suggested that to interpret analytical data, it is 
necessary to convert results from mass concentrations to contents on an area basis. 
Moreover, under nutrient-limiting conditions, foliar analysis may not be adequate in 
interpreting nutritional problems. To interpret nutritional limitations to productivity, a 
dynamic description of the amounts of nutrients cycling within the whole system may 
be needed (Tamm, 1964; Clarkson and Hanson, 1980) to define the nutrients available 
for uptake (Ingestad, 1982). 
In laboratory experiments, Ingestad and coworkers have shown that nutrient uptake 
must be met by a corresponding addition of nutrients to maintain an internal steady 
state. Thus, to maintain stable internal nutrient concentrations during exponential 
growth, the supply of nutrients must increase exponentially: the relative growth rate 
must be matched by the relative addition rate of nutrients (Ingestad, 1979; Ingestad and 
Lund, 1979; Ericsson, 1981; Ingestad, 1982; Ingestad and Kahr, 1985). The essence 
of Ingestad's approach in the laboratory is that very dilute, but balanced nutrient 
solutions must be added in exponentially increasing amounts to meet the nutritional 
demands of exponential growth. The theory derived from these laboratory experiments 
is fundamental to studies of plant nutrition and has brought dramatic changes in forest 
productivity when applied in some recent fertilization experiments in the field 
(Axeisson, 1983a & b). 
The concept of relative addition rate implies that nutrients should be available as a 
flux or amount per unit of time in relation to the current requirement set by a potential 
relative growth rate. The idea that the flux density of nutrients to plant roots, rather than 
solution concentration, controls rate of uptake, has had a major impact on attitudes 
towards research on plant nutrition and the application of fertilizer in field trials 
(Ingestad, 1982, 1988). The concept of a relative addition rate in a laboratory 
experiment mimics the rate of mineralization of nutrients in soil under natural vegetation 
or the rate of exploration of the soil volume in young stands. The controlled rate of 
supply of nutrients to seedlings in an Ingestad growth unit is essentially similar to the 
limited rate of supply of nutrients in a soil root medium that provides an exponentially 
increasing nutrient amount as a result of the exponential growth of the root system. As 
long as the internal nitrogen concentration is stable, deficiency symptoms will not 
appear, regardless of the nutrient status of the surroundings. This efficiency may be 
explained by the well-known phenomenon of the ability of plants to deplete the root 
medium of nutrients down to very low concentrations (Olsen, 1950; Ericsson, 1981; 
Ingestad, 1981). Generally, plants have their own adaptive mechanism to reach a state 
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of equilibrium but the degree of response depends on the species and the environment. 
Whatever course a plant might take, rate of supply of nutrients commensurate with the 
rate of supply of carbon is necessary for stable internal nutrient status, both in optimum 
and growth-limiting situations (Ingestad, 1979). 
1.3 Biomass and nutrient productivity models 
As a plant grows, the biomass of its various component parts increases. This 
increase is, however, not similar in all the components but the relative proportions of 
the various components vary with age. This variation has previously been studied by 
determining the distribution of biomass and nutrients in trees of different ages 
(Ovington, 1957; Switzer et al., 1966; Forrest and Ovington, 1970; Madgwick et al., 
1977). In young trees, the leaves make up a large proportion of the total biomass. A 
decline in the proportion of leaves is enhanced by closing of the canopy with age, as 
well as by the steady increase in biomass of the main stem, which may account for over 
60 % of the total biomass in mature stands (Ovington, 1957; Forrest and Ovington, 
1970). There are very few published accounts of the biomass, nutrient distribution and 
canopy structure of young Sitka spruce prior to canopy closure, a crucial stage in the 
development of one of the most important species to plantation forestry in Britain and 
Ireland, and one that is highly productive in the absence of nitrogen fertilizer. 
Therefore, information on the amount, distribution and changes of biomass and 
nutrients of the different component parts of trees in young stands provides some 
measure of the dynamic processes involved and the relations of the different parts to 
one another and to the supply of nutrients. The distribution of leaf area within the tree 
crown is essential for an understanding of forest productivity because photosynthesis 
forms the basis for energy capture and dry matter accumulation (Madgwick, 1970). In 
addition, the rate of growth in foliage biomass within tree crowns is of considerable 
importance in nutrition / growth relationships because the leaf biomass and area 
available to intercept radiant energy is highly influenced by nutrient availability (Cromer 
and Williams, 1981). 
In view of the relatively small area of land devoted to forestry in Britain, anticipated 
decline of global wood production, increased use of fertilizers, extension of 
afforestation on to increasingly difficult site types and a trend towards whole tree 
harvesting (Young, 1974; Keays and Hatton, 1976), there is considerable interest in 
obtaining data on the nutritional dynamics of Sitka spruce plantations, particularly with 
respect to productivity, the accumulation of biomass and organic matter, nutrient 
cycling and progressive changes in site fertility. The actual productivity of a tree in any 
particular environment is a product both of the climatic potential and of the degree of 
adaptation of the tree to climate and site. The improvement of yields of tree crops in 
suboptimal soil environments is, at least partially, a question of improving nutrient 
uptake (Ingestad, 1987). Both breeding and management practices provide 
opportunities for increasing productivity (Dickmann, 1985). The determination of the 
particular tree and stand characteristics required, and the identification of the proper 
biomass and nutrient allocation strategies for maximal yield, is a process that is 
common to both breeding and management approaches, but entails enormous 
difficulties as a result of the conflicting requirements of optimizing both (e.g Jones, 
1985). However, the most appropriate measure for identifying such strategies is the 
production of mathematical models, which enable the investigation of possible 
manipulations in tree and stand characteristics, so as to achieve the optimum 
combination of properties for any environment, and to establish those properties of 
stands which yield the greatest improvements in productivity with the least effort (e.g. 
Brunig, 1976; Jones, 1983, 1985). 
1.4 Summary 
There is no doubt that the information about the effects of mineral nutrition on tree 
growth and productivity is rather limited and is mainly confined to seedlings under 
laboratory conditions. It is, therefore, evident that there is a need to investigate 
steady-state nutrient status and to demonstrate conclusively that the concept of relative 
addition rate functions in the field so as to understand properly nutrition / growth 
relationships under field conditions. Productivity models can provide indirectly a better 
understanding of the long term effects of nutrition on in situ photosynthesis of forest 
canopies, by exploring both the effectiveness of the distribution patterns of leaf area 
and nitrogen within the canopies of trees of different ages, and the acclimation of the 
foliage to environmental variables which may play a key role in determining growth. 
Such models may indicate a better gradient of nutrient distribution within the canopy, 
that can be used to predict the consequences of fertilizer applications more sensitively. 
The results of this study will be presented in the following chapters to illustrate in situ 
steady-state nutrient status and the possibilities for increasing dry matter production and 
maximizing canopy photosynthesis of Sitka spruce on unfertilized soils. 
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This thesis has six chapters. Chapter 1 contains this brief introduction and the 
objectives of the project. Description of sites, methodology and techniques used for 
harvesting, sampling and analysing the biomass and nutrients of the trees are presented 
in Chapter 2. Chapter 3 is concerned with the estimation of biomass and nutrient 
contents of the different component parts of the trees of the three ages and it represents 
the backbone of the data in this study which is used in subsequent analysis. Chapter 4 
deals with the distribution of leaf area and leaf nitrogen within the canopies of the 
young Sitka spruce trees and examines the effectiveness of the different distributions 
among the three ages. Chapter 5 deals with relative growth and uptake rates of the 
different component parts of the trees and examines the assumption of steady-state 
nutrient status using growth analysis techniques. Finally, in Chapter 6 the various 
results concerning productivity and allocation are discussed in relation to the nitrogen 
productivity concept and consequent recommendations are made. 
1.1 
CHAPTER 2 
MATERIALS AND METHODS 
SITES DESCRIPTION 
2.1 Introduction 
Three sites were selected of young Sitka spruce (Picea sitchensis (Bong.) Carr.) 
stands located at Manor Valley, Glentress and Innerleithen Forestry Commission 
Plantations, some 40 to 50 km south of Edinburgh at relatively similar elevations of 
496 m with various degrees of exposure. The ages of the stands represent a time series 
approaching canopy closure of 4, 8, and 12-year-old trees, respectively. The sites 
receive an average of 851 mm of precipitation per year and the daily average 
temperature is 7.4 °C. The sites were carefully selected to occupy homogeneous area of 
brown earth soil. The underlying geology consists of slate, shale and greywacke of the 
ordovician / silurian system (Greig, 1971). 
Prior to afforestation the sites were sporadically used for extensive sheep grazing. 
The sites received 375 kg ha-1 of rock phosphate at planting following normal Forestry 
Commission practice. There has been no input of nitrogen fertilizer. The trees were 
planted at 2 m spacing to achieve a target density of 2000 trees ha -1 at canopy closure. 
The sites in this study are referred to as stage 1, stage 2, and stage 3, respectively. 
2.1.1 Stage one 
This stage was located in the Manor Valley Forest, Scotland (National Grid 
Reference: NT 184 299) in a 4-year-old, unthinned Sitka spruce stand planted on 
spaced double mould tine ploughing to a depth of 35 cm. The area is surrounded on all 
sides by hills. These are mostly distant and the trees are so young as to afford little 
protection, creating an exposed open site. The trees were planted in the furrow to 
reduce wind damage. The stocking density was 1950 stems ha'. The dominant 
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Plate 2.1 General view of Manor Valley Forest Site (Stage 1). 
t 	I' 
Plate 2.2 4-year-old Sitka 	 Ap 
spruce at Manor \'allev Site. 
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Three square plots of 0.04 ha were established in 1984. The plots were 
approximately 200 m apart and as homogeneous as possible with respect to soil, 
vegetation, and growth. Trees on the boundary of the plots were marked with yellow 
tape. The trees were then numbered on a schematic plan of the plot for subsequent 
measurments by moving up and down in a northerly direction along the plough ridge 
from the point of initial entry to the plot. All trees in the plots were measured for basal 
diameter and total height. Two measurements of basal diameter were taken at 90 
degrees to each other, using a 12 cm vernier calliper to the nearest mm and a mean value 
for the stem was derived from the two measurements. Height of trees was measured 
with a 2 m steel rule to the nearest cm. The mean basal area was 0.23 m 2 ha-1 and total 
mean height was 0.67 m. 
2.1.2 Stage two 
This stage was located in Glentress Forest, Scotland (NGR: NT 295 418) in an 
8-year-old, unthinned Sitka spruce stand established on spaced single mould tine 
ploughing to a depth of 35 cm. The area is moderately exposed. The trees were planted 
on the ridge leading to the presence of some doubled stemmed and multiple leader trees. 
The stocking density was 2350 stems ha -1 . The site vegetation included bracken, 
heather and wavy hair grass (Deschampsia flexuosa ) ( Plates 2.3-2.4). The same 
procedure of the previous stage concerning, number, size, measurements, and lay out 
of plots was established in this stage in 1984. The mean basal area was 3.75 m 2 ha' 
and total mean height was 1.77 m. 
2.1.3 Stage three 
This stage was located in Innerleithen Forest, Scotland (NGR: NT 338 392) in a 
12-year-old, unthinned Sitka spruce stand planted on spaced single mould tine 
ploughing to a depth of 35 cm. As a result of the presence of hills and older trees in the 
surroundings, the area is relatively protected. The trees were planted on the ridge with a 
stocking density of 2075 stems ha'. Some vegetaion of bracken, heather and grasses 
is present (Plates 2.5-2.6). The same procedure of the previous stages concerning, 
number, size, measurements, and lay out of plots was established in this stage in 
1985. The diameter measurements in these plots were carried out using a graduated 
girthing tape calibrated to read diameter to the nearest 0.1 cm. Height was determined 
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Plate 2.3 General view of Glentress Forest Site (Stage 2). 
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Plate 2.5 General view of Innerleithen Forest Site (Stage 3). 
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Plate 2.6 12-year-old Sitka 
spruce at Innerleithen site 
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using a 5 m graduated surveying pole to the nearest cm. The mean cross-sectional area 
was 20.38 m2 ha-1 and the mean total height was 4. 31 m. 
2.2 Field sampling procedure 
The method outlined below has been modified from various methods used by a 
number of investigators who have studied leaf area, nutrient content of individual trees 
and biomass components (Ovington and Madgwick, 1959; Attiwill and Ovington, 
1968; Ovington et al., 1967; Cochrane and Ford, 1978; Ford, 1982; Beadle et al., 
1982; Comerford and Leaf, 1982a & b; Hepp and Brister, 1982). 
A total of 35 Sitka spruce trees was sampled in 1984, 1985 and 1986 before the 
beginning of the growing season see section 2.5 below in (Choice of sample trees) 
about the number of trees selected from each site and methods of selection. Each sample 
tree was felled carefully and the tree height, basal diameter, and height to each whorl 
were measured. The leading shoot was weighed and retained separately. All branches at 
each whorl and internode branches between the sample whorl and the one above were 
then cut off separately, weighed, and placed into one of three size classes: small, 
intermediate and large branches. For each whorl and inter-whorl the total fresh weight 
was recorded. All fresh material of whorl or inter-whorl < 1 kg was taken as a whole 
sample, fresh material > 1 kg was subsampled of half to one third of the total fresh 
weight of all three size classes, i.e. all trees of stage 1 were sampled as a whole, most 
trees of stage 2 were subsampled and all trees of stage 3 were subsampled. The 
subsampled fresh weight was then recorded to the nearest g. In most cases a 100 g or 
300 g spring balance was used to weigh small branches but in the case of intermediate 
and large branches 1000 g or 10 kg spring balances (235, Salter, England) were used 
respectively. 
The main stem was sectioned at each node and the weight of each section 
determined. Subsamples, usually about 4 cm in thickness were taken from the 
mid-point of each stem section. The bark was removed and weighed separately. All 
subsamples were placed in polythene bags and transported to cold storage (-20 °C) to 
prevent excessive moisture loss from the sampled material. 
12 
2.3 Laboratory procedure 
For each subsampled branch, needles were separated into four different age 
classes, i.e. one year, two years, three years, four years and older, according to their 
position on the branch. From each age class five representative shoots were chosen and 
20 fresh, healthy, intact needles removed from each. The 100 needle sample was 
separated and laid flat and the area of the sample was measured with an area meter 
(LI-3 100, LI-COR, Lincoln NB, USA) measuring surface area to an accuracy of 0.1 
Each batch of sample needles was passed through the machine until two or three 
readings within 0.5 cm2 had been obtained. The mean of these was then used for 
calculation purposes. Following area measurement the sample was oven dried at 90-95 
°C to a constant weight for 48 hours. The sample was then weighed to the nearest 0. 
001 g using an analytical balance (AC-100, Mettler, Zurich, Switzerland) to determine 
the specific leaf area. This was then used to calculate the projected leaf area of fresh 
needles of each age class at each whorl and inter-whorl. Leaf area for the needles found 
in the first three stem sections was also calculated. Total tree leaf area was calculated by 
adding up all separate component leaf areas for all the parts of the tree. 
The remaining shoots were oven dried and weighed to the nearest g using a top pan 
balance (2204, Sartorius, Edinburgh, Scotland) as before. To keep estimates of the 
crown biomass components consistent, and to facilitate laboratory work, only dry 
weight of needles was recorded and the branch weight was estimated by subtraction. 
The weight of 100 needles was added to the subsample and the conversion factor of dry 
weight / fresh weight ratio was used to calculate the total dry weight of each whorl and 
inter-whorl component. Total tree dry weight was calculated by adding up the different 
dry weight components. 
Following dry weight determination, each subsample was ground separately 
(twigs, needles and bark) to <0. 5 mm particle size in order to homogenize the material 
for later chemical analysis. Small samples of needles were ground in a shaker mill 
(Glen Creston, Stanmore, England), large quantities of needles were ground using a 
centrifugal mill (17-140, Glen Creston, Stanmore, England), large samples of twigs 
and stems were ground using an 8 inch laboratory mill (Christy and Norris, 
Chelmsford, England). 
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2.4 Nutrient concentration determination 
Total N, P, and K contents of the samples were determined using a modified 
micro-Kjeldahl digest (Jackson, 1958; Allen et al., 1974). A small amount of the 
ground material, about 0.1 g of each sample was accurately weighed to four decimal 
figures and subjected to acid digestion with 2 cm 3 of 36 Normal sulphuric acid plus 1.2 
cm3 of concentrated hydrogen peroxide. The sample was placed in a heating block at 
350 °C for 5 hours, or until complete breakdown of all organic matter had occurred to 
give a clean solution. The digestates were then carefully washed into 50 cm 3 volumetric 
flasks and made up to volume with distilled water. Reagent blanks were used in each 
run of digested samples with 5 duplicated samples selected randomly to provide a check 
on reproduceability. Total nitrogen and total phosphorus concentrations were 
determined by colorimetric techniques using continuous flow analysis. The 
salicylate-dichloroisocyanurate reaction in the presence of nitroprusside was used as the 
basis of NH4-N determination (Crooke and Simpson, 1971). Measurement of P (as 
PO4) was based on the formation of molybdate blue using ascorbic acid as a reducing 
agent (Alexander and Robertson, 1958; Murphy and Riley, 1962). Total potassium was 
analysed by atomic emission using an atomic absorption spectrophotometer (SP9, Pye 
Unicam, Cambridge, England). Results were expressed as a percentage of oven dry 
weight for each nutrient. 
2.5 Choice of sample trees 
It is well documented that sampling can frequently provide essential information at 
a far lower cost than complete enumeration.The information provided with fewer 
observations might at times be more reliable than that obtained by complete enumeration 
because measurements are likely to be made with greater care (Freese, 1962; Snedecor 
and Cochran, 1967). However, because of the time taken to harvest trees and the 
detailed analysis of the tree components by age, it was decided that, 20 trees from stage 
1, 10 trees from stage 2 and 5 trees from stage 3 would be a sufficient sample to meet 
the study requirements. 
The trees were selected according to the diameter distribution of the trees in the 
plots for all the plots combined together in each stage. Originally seven diameter class 
intervals were used but it was found convenient to exclude the lowest and highest size 
classes and to add either the next lowest or the next highest to the adjacent class interval 
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according to the distribution for the purpose of sampling the trees. Hence, four diameter 
class intervals formed the basis of the sampling scheme and they represent the majority 
of the distribution. 
Because of the low sampling intensity, skewed diameter distributions and possible 
plot inhomogeneity, a modified weighted random sampling technique was employed. 
At first one tree was selected randomly from each size class so that all parts of the size 
class distribution were represented in the final sample. Since the trees on each plot had 
been numbered it was easy to sample randomly, using the numbers of the trees, under 
the above restriction. The trees were then selected from the allocated diameter classes at 
random using a random number table. The number of trees in each diameter class after 
the first selection was decided by the frequency of trees in the class. During 
measurement of all plot trees a note was made of any damaged or multiple leader trees. 
These were avoided when selecting sample trees so that only straight-stemmed, 
undamaged trees were harvested. The above sampling method led to the following 
number of trees to be harvested in each plot of each site. 
Plot 1 Plot 2 Plot 3 Total 
Stage  10 5 5 20 
Stage  4 3 3 10 
Stage  5 0 0 5 
All 35 
2.6 Sampling of single tree nutrient content 
Many workers have estimated the standing biomass and nutrient content of stands 
from the dry weight and nutrient content of individual trees. To determine the total dry 
weight of individual trees, it is advisable to consider each component of the tree crown 
separately in order to avoid errors caused by the changing proportions of leaf, twigs 
and branch material as the bole size increases. The weight of cones per tree is small and 
quite variable so that it has not been included in the estimates of tree weight and nutrient 
content. Nutrient content was determined by calculating the weight of nutrients 
contained in the sample components and adding these up to give an estimate for the 
entire tree. The accuracy of these extrapolated values was limited to some extent by the 
adequacy of the individual tree sampling technique. Madgwick (1963) recognised the 
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importance of estimating crown components to an appropriate degree of accuracy in 
order to achieve proper estimation of nutrient content. Thus a critical evaluation 
technique is needed to facilitate the understanding of nutrient sources and nutrient 
cycling of forest stands. Systematic sampling of the crown components is always 
associated with a smaller sample to achieve a specified level of precision, a property 
which is commonly recognized with systematic sampling (Mendenhall et al., 1971). 
The process of estimating total nutrient content of individual trees is very laborious 
unless a subsampling scheme is developed. Comerford and Leaf (1982a) investigated 
random and systematic sampling strategies for the nutrient contents of crown 
components. They found that systematic sampling is more efficient than random 
sampling for all conditions tested. However, neither random nor systematic selection 
techniques led to a significantly biased estimate of total crown content. Operationally a 
systematic sampling scheme would be much easier to organize. 
Usually, foliar analysis from the upper parts of the crown is used to provide a 
useful guide for fertilizer response and nutrient status of the trees (Leyton and Armson, 
1955; Everard, 1973). The Stem portion of the tree represents the nutrient capital 
immobilized in a stand. Accurate determination of stem nutrient content is essential to 
characterize nutrient cycling pathways in forest stands. This nutrient capital can be 
assessed through removing discs from different parts of the tree stem (Weetman, 1962; 
Smith et al., 1963; Rennie, 1966; Malkonen, 1974; Young and Carpenter, 1976; Cole 
et al., 1967). Comerford and Leaf (1982b) also found that a single stem disc was not a 
good estimate of the entire stem nutrient content, and that more than five discs could be 
needed to meet a 10 per cent allowable error criterion. However, the detailed description 
of the sampling technique used in this study, in which all crown components were 
assessed separately over the diameter range encountered for the different age groups, 
and the subsampling of each stem section, indicates that reliable estimates of 
macronutrients were obtained within the allowable error limits of 5 to 10 percent. 
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2.7 Computing and statistical analysis 
A Fortran program was written for the detailed analyses of the tree samples and all 
manipulations of the data, statistical analyses, curve fitting and graphic display were 
carried out using the SAS package mounted on the main-frame computer at Edinburgh 
Regional Computing Centre. 
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CHAPTER 3 
THE DISTRIBUTION OF BIOMASS AND 
NUTRIENTS IN THE TREES OF THE THREE STAGES 
3.1 Biomass estimation 
Accurate estimate of the standing crop of trees is a prerequisite for many studies of 
forest productivity and nutrient uptake. Studies have shown that nutrient concentrations 
Within trees may be influenced by a number of factors such as the age of the tree and the 
tissue, the position in the tree from which the samples were taken , the time of sampling 
and the soils on which the trees are growing (White, 1954; Wells and Metz, 1963; 
Miller, 1966). In order to estimate the magnitudes of the various transfers in the nutrient 
cycle and since nutrients are incorporated in organic matter, it is essential to determine 
the distribution of organic matter and the nutrient content of the components. Several 
methods have been used to estimate the biomass of a stand of trees, the most commonly 
used being the harvesting of a sample of trees according to one of the following 
procedures: 
Unit area method 
A representative area is selected, followed by a complete harvest of all the trees in 
the area. The biomass per hectare may then be obtained by multiplying the total mass of 
trees in the sample area by either the appropriate area factor or tree number factor. This 
method assumes that the area, as well as the trees selected, is representative of the 
whole stand. Unit area methods of determining biomass in forest appear to be 
inaccurate and inefficient when compared with other methods (Ovington et al., 1967). 
Mean tree methods 
Trees with a chosen mean dimension, such as diameter at breast height (d.b.h), 
girth at breast height (g.b.h.) or cross-sectional area are selected and the average mass 
of such trees is assumed to be the average mass of the trees in the stand. Multiplying 
this value by the density of the stand gives the biomass per unit area. This method, 
however, may underestimate the biomass of the stand because a tree of average bole 
iI 
dimensions is unlikely to be average in terms of other components (Ovington and 
Madgwick, 1959; Madgwick, 1963; Baskerville, 1965; Attiwill, 1966; Attiwill and 
Ovington, 1968; Crow, 1971; Madgwick, 1971). Nevertheless, Satoo (1966) and 
Ovington et al. (1967) pointed out the importance of the mean tree approach as a 
reasonable method for estimating canopy biomass, in spite of difficulties in 
understanding the forest canopy as a photosynthesizing machine as a result of the 
changing distribution of foliage among trees of different size class in the stand. 
3. Regression analysis 
This is the most common procedure for estimating biomass in forest stands. A 
number of trees is selected from the range of different size classes and the mathematical 
relationship between the mass of the whole trees, or tree components and one or more 
tree dimensions calculated. The dimensions most commonly used as the independent 
variable are diameter at breast height (Baskerville, 1966; Dice, 1970; Maclean and 
Wein, 1977), girth at breast height (Ovington and Madgwick, 1959; Attiwill and 
Ovington, 1968) and the product of the square of the diameter and height (d 2h) which is 
a substitute for stem volume (Ogawa et al., 1961; Satoo, 1970; Crow 1971; Madgwick 
and Satoo, 1975). Data collected from such samples can be treated in two ways. 
Using a stand table approach, estimates from such regression equations are 
applied to the mass of the mean tree within each diameter or cross-sectional area class, 
multiplied by the frequency within that class and then summed over all the classes in the 
stand to give the biomass of the stand. 
Using such regression equations to predict the mass of every tree in the stand 
from its girth, diameter or cross-sectional area and by summing these individuals 
mass, an estimate of the biomass and biomass distribution of tree in the stand is 
obtained (every tree approximation method). 
This last method is also referred to as allometry (Ogawa et al., 1961; Kira and 
Shidei, 1967) or dimensional analysis (Whittaker and Woodwell, 1968). Mass of 
individual trees predicted from regressions may differ quite considerably from their 
actual mass but the predicted mass of a stand obtained by summing individual estimates 
may not differ too widely from the actual biomass since some of the predicted values 
are underestimates while others are overestimates, and with a sufficiently large number 
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of trees in a stand, the total sampling error is reduced (Dice, 1970). Linear equations 
can be used with only slight reduction in reliability and little advantage has been found 
in using multiple regression in place of simple regression functions (Ovington et al., 
1967; Post, 1970; Carey and O'Brien, 1979). However, the common recognition of 
curvilinear trends between biomass parameters has led to the use of logarithmic 
regressions, so as to achieve linearity. This needs great care to be taken to check that the 
limits of uncertainity are not violated and the feasibility to pool data for stands is highly 
considered (Kittredge, 1944; Storey et al., 1955, Storey and Pong, 1957; Cable, 1958; 
Satoo, 1962; Shinozaki et al., 1964a & b; Loomis et al., 1966; Mountford and Bunce, 
1973; Krumlik and Kimmins, 1973; Beauchamp and Olson, 1973; Rochow, 1974; 
Malkonen, 1974; Albrektson, 1980). 
Based on theoretical considerations of log transformation and retransformation, the 
fitted regression underestimates the mass of biomass components when the logarithmic 
values are retransformed to arithmetic values because of the inherent bias in using the 
geometric mean rather than the arithmetic mean. This bias may be corrected by use of a 
correction factor based on the variance about the regression line (Meyer, 1938; Meyer, 
1941; Finney, 1941; Satchell etal., 1971; Baskerville, 1972; Beauchamp and Olson, 
1973; Mountford and Bunce, 1973). Simulation studies of biomass components based 
on the inherent bias of such regressions overestimated the mass of a component by 3 % 
,which is of minor importance compared with the overall variation in the estimate of 
biomass between replicated samples (Madgwick, 1971; Madgwick and Satoo, 1975). 
Generally, logarithmic regressions tend to yield stand values higher than those obtained 
from trees of mean dimensions, albeit the inherent bias is not acknowledged 
(Madgwick, 1970; Baskerville,1972). Studies comparing the accuracy of the various 
methods show that the regression technique coupled with individual tree summation 
consistently gives the highest and also the most accurate estimates of stand biomass. 
Regression methods also take less time, minimize destructive sampling and provide 
more information on stand structure, but the mean tree technique and regression method 
do not differ greatly in their usefulness for estimating stand values (Ovington and 
Madgwick, 1959; Baskerville, 1965; Ovington et al., 1967, Attiwill and Ovington, 
1968; Crow, 1971; Madgwick, 1971; Malkonen, 1974; Albrektson, 1980). 
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3.2 Diameter, height and cross-sectional area frequency distributions 
3.2.1 Density and diameter distributions of the stands 
The number of trees per hectare for each plot and for all the plots together at each 
stage is shown in Table 3.1. The average number of trees per hectare for the crop at the 
three stages was 1958, 2342, and 2083 respectively. The numbers of trees per unit area 
on the plots differed by 20 % in stage 1, 8 % in stage 2, and 27 % in stage 3. The 
average variability in the number of trees within all plots is about 37 %, while it is 20 % 
between stages (Table 3.1). 
The diameter distributions of the trees in each of the three plots and in all plots 
together at each stage are shown in Fig 3.1-3.3. The distributions are slightly skewed 
with some plots positively skewed and other plots negatively skewed. The coefficient 
of skewness, summary statistics and description of the plots are shown in Table 3.1. In 
stage 1, out of the seven diameter class distributions 53 % of the trees in plot 1 fall 
within three diameter classes of 0.5, 0.75, and 1.00 cm; 53 % of the trees in plot 2 fall 
in five diameter classes of 0.4, 0.6, 0.8, 1.0, and 1.2 cm; and 60 % of the trees in plot 
3 fall in four diameter classes of 0.8, 0.96, 1.12, and 1.28 cm. Considering all the 
plots together, out of the eight diameter class distributions 56 % of the trees in stage 1 
fall within five diameter classes of 0.4, 0.6, 0.8, 1.0, and 1.2 cm (Fig 3.1). In stage 2, 
57 % of the trees in plot 1 fall within four diameter classes of 1.0, 2.0, 3.0, and 4.0 
cm; 58 % of the trees in plot 2 fall in four diameter classes of 2.0, 3.0, 4.0, and 5.0 cm; 
and 66 % of the trees in plot 3 fall in three diameter classes of 2.0, 3.0, and 4.0 cm. 
Considering all the plots together, out of the nine diameter class distributions 75 % of 
the trees in stage 2 fall within five diameter classes of 1.0, 2.0, 3.0, 4.0, and 5.0 cm 
(Fig 3.2). In stage 3, 58 % of the trees in plot 1 fall within four diameter classes of 4.0, 
6.0, 8.0, and 10.0 cm; 44 % of the trees in plot 2 fall in five diameter classes of 2.0, 
4.0, 6.0, 8.0, and 10.0 cm; and 45 % of the trees in plot 3 fall in four diameter classes 
of 2.5, 5.0, 7.5, and 10.0 cm. Considering all the plots together in stage 3, out of the 
eight diameter class distributions 55 % of the trees fall within four diameter classes of 
2.5, 5.0, 7.5, and 10.0 cm (Fig 3.3). 
The variation in mean tree diameter between each plot at each stage was small: 17.0 




Table 3.1 Summary statistics and plots description for the three stages 
Plot 	d (cm) 	 ht (m) 	 B (m2 x 10) 	Tree 	Tree 	B* 	B** 	
B*** 
No. Mean ± SE Skewness Mean ± SE Skewness 	Mean ± SE Skewness No. No. m2 ha- I m2 ha' m2 ha 1 
ha 
1 1.12 ± 0.03 -0.03 0.61 ± 0.02 0.10 1.05 ± 0.06 1.00 79 1975 0.21 0.21 Stage 1 
2 1.19 ± 0.03 -0.54 0.66 ± 0.02 -0.31 1.16 ± 0.06 0.17 71 1775 0.21 0.21 	0.23 age 
3 1.31 ± 0.03 0.08 0.74 ± 0.02 0.32 1.40 ± 0.06 0.53 85 2125 0.29 0.30 four 
All 1.21 ± 0.02 -0.14 0.67 ± 0.01 0.06 1.21 ± 0.04 0.62 235 1958 0.24 0.24 years 
OAM 1.21 0.67 1.20 78 1958 0.24 0.24 
1 4.16 ± 0.14 0.09 1.70 ± 0.05 -0.10 15.00 ± 1.00 0.86 97 2425 3.78 3.64 Stage 2 
2 5.06 ± 0.17 -0.04 2.01 ± 0.06 -0.24 22.00 ± 1.00 050 90 2250 5.12 4.95 age 
3 3.95 ± 0.15 0.43 1.61 ± 0.05 0.11 14.00 ± 1.00 1.14 94 2350 3.36 3.29 	3.75 eight 
All 4.38 ± 0.09 0.25 1.77 ± 0.03 0.04 17.00 ± 0.70 0.92 281 2342 4.07 3.98 years 
OAM 4.39 1.77 17.00 94 2342 4.09 3.96 
1 10.40 ± 0.29 0.12 4.21 ± 0.08 -0.74 91.00 ± 5.00 1.32 90 2250 20.90 20.48 Stage 3 
2 10.99 ± 0.23 -1.27 4.26 ± 0.07 -2.12 99.00 ± 4.00 -0.09 89 2225 22.13 22.03 	20.38 age 
3 11.25 ± 0.33 -0.62 4.45 ± 0.08 -1.26 105.00 ± 5.00 0.28 71 1775 18.75 18.64 twelve 
All 10.85 ±0.16 -0.45 4.30 ± 0.04 -1.26 98.00 ± 3.00 0.68 250 2083 20.35 20.41 years 
OAM 11.88 4.31 98.00 83 2083 20.59 20.38 
OAM = Overall mean for plot!, 2, 3. SE = Standard Error. 
B* 	Cross-sectional area is calculated by summing over the cross-sectional area distributions within each plot. 
B** Cross-sectional area is calculated by using the mean cross-sectional area for each plot. 
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increased from 1.21 cm at age 4 years to 4.39 cm at age 8 years, and finally to 11.88 
cm at age 12 years (Table 3.1). 
3.2.2 Height distributions 
The height distributions of the trees in the three plots and in all plots together at 
each stage are shown in Fig 3.4-3.6. The distributions are slightly skewed with some 
plots positively skewed and other plots negatively skewed. The coefficient of 
skewness, summary statistics and description of the plots are shown in Table 3.1. In 
stage 1, out of the seven height class distributions 65 % of the trees in plot 1 fall within 
four height classes of 0.24, 0.36, 0.48, and 0.60 m; 49 % of the trees in plot 2 fall in 
four height classes of 0.40, 0.48, 0.56, and 0.64 m; and 56 % of the trees in plot 3 fall 
in four height classes of 0.4, 0.5, 0.6, and 0.7 m. Considering all the plots together in 
stage 1, out of the eight height class distributions 72 % of the trees fall within five 
height classes of 0.24, 0.36, 0.48, 0.60, and 0.72 m (Fig 3.4). In stage 2, out of the 
seven height class distributions 66 % of the trees in plot 1 fall within four height classes 
of 0.9, 1.2, 1.5, and 1.8 m; 61 % of the trees in plot 2 fall in four height classes of 1.2, 
1.5, 1.8, and 2.1; and 53% of the trees in plot 3 fall in three height classes of 0.9, 1.2, 
and 1.5 m. Considering all the plots together in stage 2, out of the nine height class 
distributions 60 % of the trees fall within five height classes of 0.6, 0.9, 1.2, 1.5, and 
1.8 m (Fig 3.5). In stage 3, out of the seven height class distributions 61 % of the trees 
in plot 1 fall within four height classes of 2.4, 3.0, 3.6, and 4.2 m; 70 % of the trees in 
plot 2 fall in 6 height classes of 1.2, 1.8, 2.4, 3.0, 3.6, and 4.2m; and 48 % of the 
trees in plot 3 fall in four height classes of 1.6, 2.4, 3.2, and 4.0 m. Considering all the 
plots together in stage 3, out of the eight height class distributions 61 % of the trees fall 
within six height classes of 1.2, 1.8, 2.4, 3.0, 3.6, and 4.2 m (Fig 3.6). 
The variation in mean tree height within each plot at a stage was small: 21.3 % for 
stage 1, 24.8 % for stage 2, and 5.7 % for stage 3. The mean height increased from 
0.67 m at age 4 years to 1.77 m at age 8 years, and finally to 4.31 m at age 12 years 
(Table 3.1). 
3.2.3 Cross-sectional area distributions 
The cross-sectional area distributions at the stem base of the trees in the three plots 


































0.24 	0.30 	0.46 	0.60 	0.12 	0.04 	0.66 
	
hEICT 	(rni)  
Fig 3.4 HEIGHT DISTRIBUTION 
A[=4 	P10T:P2 
REICHI (m ) 
Fig 3.4 HEIGHT DISTRIBUTION 
	
Fig 3.4 HEIGHT DISTRIBUTION 
ACH4 	PLUTP3 ACH4 YEARS, AL PLOTS 





























0.15 	1 .00 	1.25 	1.90 	1.11 	2.00 	2.25 	2.50 	2.15 












0.9 	1.2 	9.5 	1.9 	2.1 	2.4 	1.7 
HEICHI 	(in)  













•.r 1h. •, 
•44• 
$ .> M M >+' •+'> p'.'> +• 44+4 44+444 >+>>$> >4>>4> 




































4+ +4 4+ 4+ 4+ •ê +4 
EICHI 	(iii) 
Fig 3.5 HEIGHT DISTRIBUTION 
	
Fig 3.5 HEIGHT DISTRIBUTION 
AC[8 	PLUT:P3 ACE:8 YEARS, ALL PUTS 




























1.6 	2.4 	3.2 	4.0 	4.5 	5.6 	6.4 
Fig 3.6 HEIGHT DISTRIBUTION 
	
Fig 3.6 HEIGHT DISTRIBUTION 
























1.1 	1 .8 	2.4 	3.0 	3.6 	4.2 	4.8 
HEIGHT (rn) 	 HEIGHT () 
Fig 3.6 HEIGHT DISTRIBUTION 	 Fig 3.6 HEIGHT DISTRIBUTION 






































0.00004 	0.00088 	8.00012 	0.00046 	0.00020 	0.00024 	0.00028 
CROSS-SECTIONAL AREA (ffl2)  










0.00003 	0.00806 	0.00000 	0.00042 	0.00045 	0.00018 	0.00024 
CROSS-SECTIONAL AREA (2) 
Fig 3,7 CROSS-SECTIONAL 
	
Fig 3.7 CROSS-SECTIONAL 
AREA DISTRIBUTION AREA DISTRIBUTION 
ACEz4 	PLOTP3 
	
ACE4 YEARS, ALL PLOTS 
0.00004 	0.40088 	8.00012 	0.00016 	0.00028 	0.00024 	0.00028 
CROSS-SECTIONAL AREA (n2)  
0.00004 0.00046 0.00012 1.00016 0.00021 0,09024 0.00028 0.00032 















































Fig 3.8 CROSS-SECTIONAL 
	
Fig 3.8 CROSS-SECTIONAL 




0.0006 	0.1011 	0.0048 	0.0001 	0.0030 	0.0035 	0.0042 
CROSS-SECTIONAL AREA (2)  
0.0008 	0.5066 	0.0024 	0.0032 	0.0040 	0.0045 	0.0036 
CROSS-SECTIONAL AREA (m2) 
Fig 3.8 CROSS-SECTIONAL 
	
Fig 3.8 CROSS-SECTIONAL 
AREA DISTRIBUTION AREA DISTRIBUTION 
ACE8 	PLUTP3 
	
AE:8 YEARS, ALL PLOTS 
0.0005 	0.1611 	0.0018 	0.0024 	0.0030 	0.0038 	0.0042 
	
0.0005 0.0062 0.0018 0.0024 0.0030 0.0035 0.0042 0.0048 0.0034 























0.003 	0.006 	0.000 	0.012 	0.015 	0.010 	0.021 	0.024 












0.000 	0.004 	0.008 	0.012 	8.016 	0.020 	0.024 
CROSS-SECTIONAL AREA (m2) 
Fig 3.9 CROSS-SECTIONAL 
AREA DISTRIBUTION 
ACE=12 	PLOTP2 
0.0025 	0.0050 	0.0075 	0.0100 	0.0115 	0.0150 	0.0115 











Fig 3,9 CROSS-SECTIONAL 
	
Fig 3.9 CROSS-SECTIONAL 
AREA DISTRIBUTION AREA DISTRIBUTION 
ACEH2 	PL01:P3 
	
ACE12 YEARS, ALL PLOTS 
CROSS-SECTIONAL AREA (ffl2) CROSS-SECTIONAL AREA (ff2) 
32 
slightly skewed with all plots positively skewed except for plot 2 stage 3. The 
coefficient of skewness, summary statistics and description of the plots are shown in 
Table 3.1. In stage 1, out of the seven cross-sectional area class distributions 53 % of 
the trees in plot 1 fall within two cross-sectional area classes of 0.00004, and 0.00008 
M2 with cross-sectional area <0.0054 m 2; 42 % of the trees in plot 2 fall in three 
cross-sectional area classes of 0.00003, 0.00006, and 0.00009 m 2 with cross-sectional 
area <0.0044 m2; and 60 % of the trees in plot 3 fall in three cross-sectional area 
classes of 0.00004, 0.00008, and 0.00012 m2 with cross-sectional area <0.0074 m 2 . 
Considering all the plots together in stage 1, out of the eight cross-sectional area class 
distributions 69 % of the trees fall within three cross-sectional area classes of 0.00004, 
0.00008, and 0.00012 m2 with cross-sectional area <0.022 m 2 (Fig 3.7). In stage 
2,out of the seven cross-sectional area class distributions 73 % of the trees in plot 1 fall 
within three cross-sectional area classes of 0.0006, 0.0012, and 0.0018 m 2 with 
cross-sectional area < 0.123 m 2 ; 67 % of the trees in plot 2 fall in three cross-sectional 
area classes of 0.0008, 0.0016, and 0.0024 m 2 with cross-sectional area < 0.134 m 2 ; 
and 64 % of the trees in plot 3 fall in two cross-sectional area classes of 0.0006 and 
0.0012 m2 with cross-sectional area <0.077 m 2. Considering all the plots together in 
stage 2, out of the nine cross-sectional area class distributions 83 % of the trees fall 
within four cross-sectional area classes of 0.0006, 0.0012, 0.0018, and 0.0024 m 2 
with cross-sectional area < 0.355 m2 (Fig 3.8). In stage 3, out of the seven 
cross-sectional area class distributions 62 % of the trees in plot 1 fall within three 
cross-sectional area classes of 0.00001, 0.004, and 0.008 m 2 with cross-sectional area 
< 0.648 m2; 70 % of the trees in plot 2 fall in four cross-sectional area classes of 
0.0025, 0.0050, 0.0075, and 0.01 m2 with cross-sectional area < 0.685 m 2; and 51 % 
of the trees in plot 3 fall in three cross-sectional area classes of 0.003, 0.006, and 0.009 
M2 with cross-sectional area <0.453 m 2. Considering all the plots together in stage 3, 
out of the eight cross-sectional area class distributions 83 % of the trees fall within four 
cross-sectional area classes of 0.003, 0.006, 0.009, and 0.012 m 2 with cross-sectional 
area <2.145 m2 (Fig 3.9). 
Stand mean cross-sectional area increased from 0.24 m 2 ha 1  at age of 4 years to 
4.09 m2 ha-1 at age of 8 years, and finally to 20.59 m 2 ha 1  at age of 12 years (Table 
3.1). The cross-sectional area was calculated by summing over the cross-sectional area 
distributions of each plot compared to the cross-sectional area calculated using the mean 
cross-sectional area of each plot. For stage 1, the two methods were the same except for 
plot 3 where the mean method overestimated the cross-sectional area by 3.4 %. For 
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stage 2 the mean method underestimated the cross-sectional area by 3.7 % for plot 1, 
3.32 % for plot 2, 2.08 % for plot 3, and 2.21 % for all the plots together. In stage 3, 
the mean method underestimated the cross-sectional area by 2.0 %, 1.3 %, 0.11 % for 
plots 1, 2, and 3, respectively, but overestimated the cross-sectional area by 0.29 % for 
all the plots together. The cross-sectional area calculated using the mean cross-sectional 
area of the sampled trees in stage 1 was lower by 4.2 % than the overall mean of the 
other two methods. In stage 2, the mean cross-sectional area of the sampled trees was 
lower by 8.3 % than the overall mean of the cross-sectional area by summation and by 
5.3 % than the overall mean of the cross-sectional area calculated by using the overall 
mean tree. In stage 3, the mean cross-sectional area of the sampled trees was higher by 
1.2 % than the overall mean of the cross-sectional area by summation and by 2.2 % 
than the overall mean of the cross-sectional area calculated by using the overall mean 
tree (Table 3.1). 
3.3 Total biomass and nutrient distributions results 
A series of simple linear regression equations relating the dry mass and nutrient 
contents of the sample trees or their component parts to independent variables of tree 
size, such as basal diameter, cross-sectional area, and volume or any other biomass 
component variable, was calculated. To calculate volumes Huber's formula was used 
(Hamilton, 1975). 
	
V 	= (7tdm2 / 4)X(1) 	 (3.1) 
where 	V = volume (m3 ), 
dm = mid-diameter (m), and 
I = length of internode (m). 
Total volume was then obtained by summing the values for each internode. The 
basal diameter (db)  measurements were converted to cross-sectional area (71 db2  /4) and 
summed to provide the cross-sectional area at the ground or the basal area for the plot. 
This latter measurement was chosen because of the strong relationship between dry 
mass and basal diameter before canopy closure (Rutter, 1955) and to enable a leaf area: 
cross-sectional area relationship to be developed. A preliminary plotting of biomass data 
for the sample trees in the three stages showed extremely good correlations to the 
chosen independent variables. The coefficient of determination for all the biomass 
components ranged from 0.69-0.99 for the three stages (Tables 3.2.1-3.2.3). Biomass 
components for plots were estimated from the same regression equations of the whole 
stand to avoid errors caused by low sampling intensity. A complete record of total 
biomass, biomass components, nutrient contents, and leaf area regressions to the 
chosen independent variables is shown in Tables 3.2.1-3.2.3. As a result of the high 
coefficient of determination it was not deemed necessary to use any alternative model. 
Some of the selected regressions are shown in Fig 3.10-3.13. 
The mean total dry mass, dry mass by components, nutrient contents, and tree 
dimensions of the sampled trees at each stage are shown in Table 3.3. The mean total 
dry mass of each plot at each stage and its equivalent on a unit area basis are shown in 
Table 3.4. There are no large differences in the dry mass amongst plots at each stage, 
whether using regression equations relating dry mass to diameter or dry mass to 
cross-sectional area. The mean dry mass of the sampled trees when compared to the dry 
mass derived from diameter and cross-sectional area regressions, whether using the 
stand table approach method (3.A) or by summing the predicted mass of the individual 
trees in the plot method (3.B) were very close (Table 3.4). The mean dry mass of the 
sampled trees was underestimated by 4 % at stage 1 and 6 % at stage 2 when compared 
with the lowest dry mass estimated from. diameter or cross-sectional area regression 
equations using either one of the methods, while it was overestimated in stage 3 by 21 
%. Because of the small difference in biomass using the two methods and to avoid 
errors in transformation, the mean method of the sampled trees was used all through 
this study. In all Tables presented in this chapter, the slight discrepancy in mean total 
tree dry mass as a result of summing over the different mean tree component parts 
arises largely through the fractioning of the small sizes of biomass and the rounding off 
of component values. 
The mean total biomass by components and N, P, K nutrient contents of the 
sampled trees in each stage and its equivalent on a unit area basis are shown in Table 
3.5. In stage 1, leaves make up 45 % of the total biomass, followed by stem 30 % and 
branches 25 %. In stage 2, leaves make up 39 % of the total biomass, followed by stem 
31 % and branches 30 %. In stage 3, stem represent 35 % of the total biomass, 
followed by branches 34 % and leaves 31 %. The proportions of N: P: K were 50.52: 
7.73: 41.75 for stage 1, 62.30: 7.09: 30.61 for stage 2, and 60.4: 6.08: 33.52 for stage 
3 (Table 3.5). 
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Table 3.2.1 Linear regressions for biomass, fractions and tree dimensions for the 
three stages. 
Equations R2 Significance level 
Stage 1 age  W =-0.0577 +0.1063d 0.83 *** 
Stage 2 age 8 W = 1.2909 + 0.6216 d 0.92 
Stage 3 age l2 W=-12.5517+2.4843d 0.99 
Stage l age 4 W = 0.0038 + 564.0504 B 0.83 *** 
Stage 2 age 8 W = 0.0074 + 872.8706 B 0.94 
Stage 3 age 12 W = 1.9103 + 1288.0665 B 0.99 
Stage 1 age  W = 0.0297 + 1215.9903 V 0.70 
Stage 2 age 8 W = 0.2985 + 14 15.7523 V 0.93 
Stage 3 age l2 W = 2.8154 + 1049.4933 V 0.87 * 
Stage l age 4 W = 0.0022 + 0.3219 A 0.84 
Stage 2 age 8 W = -0.2357 + 0.6678 A 0.99 *** 
Stage 3 age 12 W = -0.3804 + 0.7726 A 0.90 * 
Stage 1 age  Ws = 0.0014 + 164.5065 B 0.79 
Stage 2 age 8 Ws = -0.0384 + 292.48 B 0.98 *** 
Stage 3 age 12 W = 0.8005 + 437.0168 B 0.92 * 
Stage l age 4 W=0.0013+0.2779W 0.87 
Stage 2age 8 W = -0.0173 + 0.3221 W 0.97 
Stage 3 age 12 Ws = 0.1466 + 0.3396 W 0.92 ** 
Stage l age 4 Wb=-0.0008+155.5l93B 0.76 *** 
Stage 2 age 8 Wb = -0.0419 + 288.5079 B 0.88 *** 
Stage 3 age l2 Wb=-0.8877+560.40l4B 0.95 ** 
Stage l age 4 Wb=-O.0019+O.2762W 0.93 *** 
Stage 2 age 8 Wb = -0.0508 + 0.3384 W 0.99 
Stage 3 age 12 Wi, = -1.5506 + 0.4259W 0.92 ** 
Stage 1 age 4 W1 = 0.0032 + 244.0246 B 0.75 
Stage 2 age 8 W1 = 0.0730+ 291.8732 B 0.91 
Stage 3 age 12 W1 = 1.9977 + 290.6428 B 0.70 * 
Stage 1 age 4 Wi = 0.0006 + 0.4459 W 0.97 
Stage 2 age 8 Wi = 0.0681 + 0.3395 W 0.99 
Stage 3 age 12 Wi = 1.4041 + 0.2345 W 0.76 * 
Dry mass and nutrient fractions are measured in kg; Diameter is measured in cm; 
Cross-sectional area is measured in m 2; Leaf area is measured in m 2; Volume is 
measured in m 3 
W = total dry mass; W = stem dry mass; Wb = branch dry mass; W 1 = leaf dry mass; 
V = volume; B = cross-sectional area; d = diameter; A = total leaf area; N = total 
nitrogen; Ns = stem nitrogen; Nb = branch nitrogen; N 1 = leaf nitrogen; P = total 
phosphorus; K = total potassium 
* = p<0.05; ** =p<O.001; *** =p<O.0001 
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Table 3.2.2 Linear regressions for nutrient, tree dimensions and biomass fractions 
for the three stages. 
Equations R2 Significance level 
Stage l age 4 N = 0.0001 + 3.8168 B 0.86 
Stage 2 age 8 N = 0.0002 + 6.7551 B 0.95 
Stage 3 age l2 N = 0.0228 + 6.0156 B 0.98 ** 
Stage 1 age  N = 0.0001 + 0.0062W 0.88 
Stage 2 age 8 N = 0.0006 + 0.0075 W 0.96 
Stage 3 age l2 N = 0.0134 + 0.0047 W 0.99 
Stage 1 age 4 N = -0.00001 + 0.041 W 0.88 
Stage 2 age 8 N = 0.0002 + 0.002 W 0.98 
Stage 3 age 12 Ns = 0.0022 + 0.0022 W 0.99 
Stage 1 age 4 Nb = 0.00001 + 0.0037 Wb 0.71 
Stage 2 age 8 Nb = -0.0002 + 0.0050 Wb 0.92 
Stage 3 age l2 Nb= 0.0018+0.0033Wb 0.99 
Stage 1 age 4 N1 = 0.00008 + 0.0087 W1 0.74 
Stage 2 age 8 N1 = -0.00006 + 0.015 Wi 0.91 
Stage 3 age 12 N1 = 0.0075 + 0.0094 W1 0.93 ** 
Stage 1 age 4 W = 0.0002 + 141.1587 N 0.88 
Stage 2 age 8 W=-0.0125+127.2271N 0.96 
Stage 3 age 12 W = -2.7337 +211.7874N 0.99 
Stage 1 age  W = 0.0051 + 869.6030 P 0.70 
Stage 2 age 8 W=-0.1274+1170.7179P 0.97 
Stage 3 age 12 W =-0.7149 + 1905.1470 P 0.99 
Stage 1 age  W =-0.0082 + 191.9195 K 0.93 
Stage 2 age 4 W = 0.1365 + 231.1060 K 0.95 
Stage 3 age 12 W = -1.2937 + 355.9098 K 0.74 * 
Dry mass and nutrient fractions are measured in kg; Diameter is measured in cm; 
Cross-sectional area is measured in m 2; Leaf area is measured in m 2; Volume is 
measured in m3 
W = total dry mass; W = stem dry mass; Wb = branch dry mass; Wi = leaf dry mass; 
V = volume; B = cross-sectional area; d = diameter; A = total leaf area; N = total 
nitrogen; N = stem nitrogen; Nb = branch nitrogen; N1 = leaf nitrogen; P = total 
phosphorus; K = total potassium 
* = p<0.05; ** =p<O.001; *** = p< 0.0001 
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Table 3.2.3 Linear regressions for leaf area, tree dimensions, biomass and nutrient 
fractions for the three stages. 
Equations 	 R2 	Significance level 
Stage 1 age  A = -0.1226 + 0.2779 d 0.70 
Stage 2 age 8 A = -1.5259 + 0.9185 d 0.91 
Stage 3 age l2 A=-12.3194+2.939d 0.92 ** 
Stage l age 4 A = 0.039 + 1464.8251 B 0.69 
Stage 2 age 8 A = 0.3827 + 1282.4264 B 0.92 
Stage 3 age 12 A = 5.4879 + 1468.9626 B 0.86 * 
Stage l age 4 A =0.0282+2.116W 0.84 
Stage 2 age 8 A = 0.3816 + 1.4775 W 0.99 
Stage 3 age l2 A = 2.9251 + 1.1614 W 0.90 * 
Stage 1 age 4 A = 0.0355 + 354.9118 N 0.69 
Stage 2 age 8 A = 0.3443 + 189.6463 N 0.96 
Stage 3 age 12 A = -0.5038 + 248.5319 N 0.91 * 
Stage 1 age 4 A = 0.0232 + 530.4625 N1 0.73 
Stage 2 age 8 A=0.2725+268.6267N1 0.95 
Stage 3 age 12 A = -3.8815 + 459.5161 N1 0.97 ** 
Stage l age 4 A=0.0246+5.8543Wi 0.87 
Stage 2 age 8 A = 0.0893 + 4.3447 Wi 0.99 
Stage 3 age 12 A = -1.1656 + 4.4498 Wi 0.95 ** 
Dry mass and nutrient fractions are measured in kg; Diameter is measured in cm; 
Cross-sectional area is measured in m2; Leaf area is measured in m 2; Volume is 
measured in m3 
W = total dry mass; W = stem dry mass; Wb = branch dry mass; W 1 = leaf dry mass; 
V = volume; B = cross-sectional area; d = diameter; A = total leaf area; N = total 
nitrogen; N = stem nitrogen; Nb = branch nitrogen; N 1 = leaf nitrogen; P = total 
phosphorus; K = total potassium 
* = p<0.05; ** = p<0.001; *** = p< 0. 0001 
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Fig 3. It TOTAL BIOMASS VS 
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Fig 3.13 TOTAL LEAF AREA VS 
TOTAL LEAF NITROGEN 
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Table 3.3 	Mean sampled trees dry mass, nutrient contents and tree dimensions. 
Tree components Stage 1 
age 4 years 
Stage 2 
age 8 years 
Stage 3 
age 12 years 
N=20 N=10 N=5 
W1 (leaf dry mass) 3.21 x 10-2 ± 2.81 x 10 55.42 x 10-2 ± 9.88 x 10-2 569.66 x 10-2 ± 93.57 x 
10-2 
Wb (branch dry mass) 1.77 x 10-2 ± 1.78 x 10 43.38 x 10-2 ± 9.89 x 10-2 
624.44 x 10-2 ± 154.43 x10 2 
W (stem dry mass) 2.10 x 10-2 ± 1.85 x 10 44.38 x 10-2 ± 9.50 x 10-2 636.23 x 10-2 ± 122.88 x 10-2 
W (total dry mass) 7.10 x 10-2 ± 6.20 x 10-2 143.18 x 10-2 ± 29.00 x 10-2 1830.33 x 10-2 ± 347.78 x 10-2 
N1 (leaf nitrogen) 3.59 x 1O-4±2.84x 10 8.28 x 10-3 ± 1.56x 10 6.11 x 10
-2 ±9.15 x iO 
Nb (branch nitrogen) 7.20 x 10 	± 7.84 x 10-6 2.01 x iO 	± 5.16 x 10 2.23 x 10-2 ± 5.10 x 1O- 
N (stem nitrogen) 7.87 x 10-5 ±7.96x 10-6 1.11 x 10 -3 ± 1.90x 10 1.60x 10
-2 ±2.68 x 10 
N (total amount of nitrogen) 5.02 x 10 	± 4.12 x iO 1.14 x 10-2 ± 2.23 x iO 9.93 x 10-2 ± 1.64 x 10-2 
P (total amount of phosphorus) 7.58 x iO 	± 5.97 x 10-6 
4.13 	iO 	± 3.12 	iO x x 
1.33 x iO 	± 2.44 x 10 
5.60 x iO 	± 1.22 x iO 
9.98 x iO 	± 1.81 x iO 
5.51 x 10-2 ± 0.84 x 10-2 K (total amount of potassium) 
d (diameter) 12.10 x 10-1 ± 5.33 x 10-2 43.80 x 10-1 ± 44.82 x 10-2 124.20 x 10-1 ± 139.51 x 10-2 
h (total height) 7.14 x 10-1 ± 2.47 x 10-2 17.78 x 10-1 ± 16.55 x 10-2 412.40 x 10-2 ± 23.01 x 
10-2 
B (cross-sectional area) 1.19 x iO 	± 9.99 x 10-6 1.65 x iO 	± 3.22 x 10 1.27 x 10-2 ± 2.69 x iO 
V (volume) 4.47 x iO 	± 6.64 x 10-6 8.07 x iO 	± 1.98 x iO 1.48 x 10-2 ± 3.10 x 10 
A (total leaf area) 21.37 x 10-2± 1.77 x 10-2 24.97 x 10-1 ±43.13 x 10-2 2418.31 x 10-2 ±426.41 
x 10-2 
Dry mass and nutrients are measured in kg per tree, 
d in cm, ht in m, B and A in m2 , V in m3. 
Table 3.4 	Dry mass for the three stages using three different methods 
Stand Plot Diameter Cross-sectional area 
character- Method 2 No. Method 3A Method 3B Method 3A Method 3B 
istics kg 	kg ha-1 kg kg ha4 kg kg ha-1 kg kg ha-1 kg kg ha- ' 
Stage 1 1 4.96 124.00 4.99 121.75 4.99 124.75 4.99 124.75 
age 2 5.13 128.25 4.85 121.25 4.89 122.25 4.93 123.25 
four 0.07± 	137.06 3 7.04 176.00 6.89 172.25 6.91 172.75 7.03 175.75 
years 0.006 All 17.78 148.17 16.61 138.42 16.78 139.83 16.96 141.33 
OAM 5.71 142.75 5.53 138.33 5.60 139.92 5.65 141.25 
Stage 1 129.02 3225.50 125.79 3144.75 131.26 3281.50 126.98 3174.50 
age 2 170.38 4259.50 166.96 4174.00 178.10 4452.50 173.55 4338.75 
eight 1.43± 	3349.06 3 113.00 2825.00 109.52 2738.00 116.62 2915.50 113.69 2842.25 
years 0.290 All 412.39 3436.57 402.26 3352.15 424.23 3535.24 414.22 3451.82 
OAM 137.47 3436.67 134.09 3352.25 141.99 3549.83 138.07 3451.83 
Stage 3 1 1230.43 30760.75 1196.40 29910.00 1248.75 31218.75 1224.79 30619.75 
age 2 1332.42 33310.50 1313.04 32826.00 1309.96 32749.00 1299.17 32479.25 
12 18.30± 	38118.90 3 1102.48 27562.00 1092.79 27319.75 1101.68 27542.00 1097.47 27436.75 
3.478 All 3613.16 30109.55 3602.23 30018.46 3623.03 30191.80 3621.43 30178.46 
OAM 1221.78 30544.42 1200.74 30018.58 1220.13 30503.25 1207.14 30178.58 
Method 2 using mean dry mass of the sampled trees at each stage 
Method 3A using regression equation, stand table approach 
Method 3B using regression equation to predict weights for all trees in the plot 
OAM - overall mean for plots 1, 2 and 3. 
Table 3.5 Total biomass and N, P, K nutrient contents by components for the three 
stages. Values in brackets on per hectare basis. 
Components (kg) 	 Stand Characteristics 
Stage 1 age 4 	Stage 2 age 8 	Stage 3 age 12 
W (total biomass) 
N (total nitrogen) 
P (total phosphorus) 
K (total potassium) 
W (stem biomass) 
N (stem nitrogen) 
P (stem phosphorus) 
K (stem potassium) 
Wb (branch biomass) 
Nb (branch nitrogen) 
Pb (branch phosphorus) 
Kb (branch potassium) 
W1 (leaf biomass) 
N1 (leaf nitrogen) 
P1 (leaf phosphorus) 




5.02x 10-4 + 
4.12 x 10-5 
(0.9829) 
7.58 x iO- ± 
5.79 x 10-6 
(0.1484) 
4.13 x iO- ± 





7.87 x iO- ± 
7.96 x 10-6 
(0.1541) 
1.46 x iO- ± 
1.15 x 10-6 
(0.0286) 
6.42 x iO- ± 





7.20 x iO - ± 
7.84 x 10-6 
(0.1410) 
1.37 x iO- ± 
1.32 x 10-6 
(0.0268) 
6.65 x iO- ± 





3.59x 10-4 + 
2.84 x 10-5 
(0.7029) 
4.83 x iO- ± 
3.96 x 10-6 
(0.09 46) 
2.88 x 10 -4 ± 



































































































As the plantations age the total tree mass builds up progressively from 139 kg ha -1 
at age 4 years to 3353 kg ha at age 8 years and finally to 38126 kg ha -1 at age 12 years 
(Table 3.5). The total nitrogen content of the crop at the three stages was 0.98, 26.7, 
and 207 kg ha-1 , respectively. The total phosphorus content of the crop at the three 
stages was 0.15, 3.04, and 20.8 kg had, respectively. The total potassium content of 
the crop at the three stages was 0.81, 13. 1, and 115 kg ha -1 , respectively (Table 3.5). It 
is difficult to compare these figures with other biomass data for Sitka spruce because of 
lack of data for such young ages prior to canopy closure. Ford (1982) quoted a figure 
of 26.7 t ha- la-1 for a 17-year-old plantation in Scotland and this includes estimates for 
roots. Carey and O'Brien (1979) quoted values for unthinned 33-year-old including 
forest floor as 431429 kg ha -1 for total dry matter, and 2679, 145, and 500 kg ha -1 for 
N, P, and k, respectively. Forrest and Ovington (1970) studied an age series of Pinus 
radiata of 3, 5, 7, 9, and 12-year- old and quoted values for total tree mass of 1.2, 5.6, 
50.7, 73.4, and 118.8 tonnes, respectively. Madgwick et al. (1977) estimated an 
average of 14.4 t ha -1 a4 for Pinus radiata over the 22 years of growth and gross 
production of 22.25 t ha a 1 during initial canopy closure and during canopy closure 
after heavey thinning. Ovington (1957) reported biomass production for 35-year-old 
Scots pine (Pinus sylvestris ) plantations in the range of 7.2-9.8 needles, 9.6-12.25 
branches, and 96.7-129.2 t ha main stem while in Finland, Malkonen (1974) 
mentioned values for 45 and 47-year-old plantations in the range of 3.5-4.4 needles, 
6.8-7.4 branches, and 30.4-60.9 t ha -1 of bole material. 
The mean biomass for the components and N, P, K nutrient contents by age for the 
three stages are shown in Tables 3.6.1-3.6.3. The one-year-old needles constituted 
75.54 % of the total dry mass of needles in stage 1, 59.42 % in stage 2, and 39.30 % 
in stage 3. The dry mass of needles and nutrient contents decreased from one-year-old 
needles to four-year-old needles in all stages. The same trend was followed by the 
branches, except in stage 3, where the branch dry mass increased with branch 
component age. The nutrient contents also declined with branch component age when 
expressed as a percentage of branch component dry mass. 
3.3.1 Stem biomass by stem sections 
The mean total dry mass of stem and its component parts of stem needles, bark, 
stem wood, and their nutrient contents of N, P, K for the three stages are shown in 
Tables 3.7.1-3.7.7. The dry mass of bark constitutes 19.63 % of the stem dry mass in 
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Table 3.6.1 Biomass components and nutrient contents by age, values in brackets on 












9.73 x iO- ± 
9.24 x 10-4 
(19.0513) 
4.75 x iO- ± 
4.91 x 10-6 
(0.093) 
9.35 x 10-6 ± 
9.10 x 10-7 
(0.0183) 






2.85 x iO- ± 
2.29 x 10-5 
(0.5580) 
3.93 x iO- ± 
3.47 x 10-6 
(0.0769) 
2.32 x iO- ± 
1.82x iO 
(0.4543)  
3.95 x iO- ± 
4.69 x iO- 
(7.7341) 
1.23 x 10 ± 
1.42 x 10-6 
(0.0241) 
2.40 x 10-6 ± 
2.90 x 10-7 
(0.0047) 
1.02 x iO ± 
1.22 x 10-6 
(0.02) 
5.81 x 10- 3+ 
4.40 x 10-4 
(11.376) 
5.71 x 10-5+ 
4.61 x 10-6 
(0.1118) 
7.15 x 10-6 ± 
5.60 x 10-7 
(0.014) 
4.27 x iO- ± 
2.79 x 10-6 
(0.0836)  
3.94 x iO- ± 
7.71 x 10-4 
(7.7145) 
1.19 x iO ± 
2.97 x 10-6 
(0.0233) 
1.93 x 10-6 ± 
3.60 x 10-7 
(0.0038) 
8.04x 10-6± 
1.74 x 10-6 
(0.0157) 
2.06 x 10 ± 
5.25 x 10-4 
(4.0335) 
1.64 x iO- ± 
3.73 x 10-6 
(0.0321) 
1.80 x 10-6 ± 
3.30 x 10-7 
(0.0035) 
1.23 x iO ± 
2.71 x 10-6 
(0.0241) 
1.lOx 10-4 + 
1.10 x 10-4 
(0.2 154) 
3.30 x iO- ± 
3.30 x 10-7 
(0.0007) 
5.00 x 10-8 ± 
5.00 x 10-8 
(0.0001) 
2.30 x iO- ± 
2.30 x iO 
(0.0005) 
7.00 x iO- ± 
7.00 x iO- 
(0.1371) 
5.30 x io- ± 
5.30 x 10-7 
(0.001) 
6.00 x 10-8 ± 
6.00 x iO- 
(0.000 1) 
4.10 x 10 ± 







Table 3.6.2 Biomass components and nutrient contents by age, values in brackets on 
per hectare basis. Stage 2 age 8 years. 
Components Component Age 
(kg) 1 year 2 year 3 year 4 year 
Wb 0.1157± 0.1084± 0.108± 0.1016± 
0.02 0.02 0.02 0.03 
(270.97) (253.87) (252.94) (237.95) 
Nb 0.0008 ± 0.0005 ± 0.0004 ± 0.0003 ± 
0.0002 0.0001 0.0001 0.0001 
(1.87) (1.17) (0.94) (0.70) 
Pb 0.0002 ± 0.0001 ± 0.0001 ± 0.0001 ± 
0.00003 0.00002 0.00001 0.00002 
(0.47) (0.23) (0.23) (0.23) 
Kb 0.0006 ± 0.0003 ± 0.0003 ± 0.0002 ± 
0.0002 0.0001 0.0001 0.0001 
(1.41) (0.70) (0.70) (0.47) 
W1 0.3293 ± 0.1439 ± 0.059+ 0.0221 ± 
0.06 0.03 0.01 0.007 
(771.22) (337.01) (138.18) (51.76) 
N 1 0.0052 ± 0.002 ± 0.0007 ± 0.0003 ± 
0.0009 0.0004 0.0002 0.0001 
(12.18) (4.68) (1.64) (0.70) 
P1 0.0005 ± 0.0002 ± 0.0001 ± 0.00002 ± 
0.0001 0.00003 0.00001 0.00001 
(1.17) (0.47) (0.23) (0.05) 
K 1 0.0024 ± 0.0008 ± 0.0003 ± 0.0001 ± 
0.0005 0.0001 0.0001 0.00003 
(5.62) (1.87) (0.70) (0.23) 
Table 3.6.3 Biomass components and nutrient contents by age, values in brackets on 
per hectare basis. Stage 3 age 12 years. 
Components Component Age 
(kg) 1 year 2 year 3 year 4 year 
Wb 0.7631 ± 1.0352 ± 1.0464 ± 3.3997 ± 
0.14 0.26 0.28 0.88 
(1589.54) (2156.32) (2179.65) (7081.58) 
Nb 0.0061 ± 0.005 ± 0.0037 ± 0.0075 ± 
0.001 0.001 0.001 0.002 
(12.71) (10.42) (7.71) (15.62) 
Pb 0.0008 ± 0.0006 ± 0.0004 ± 0.0008 ± 
0.0002 0.0002 0.0001 0.0002 
(1.67) (1.25) (0.83) (1.67) 
Kb 0.0038 ± 0.003 ± 0.0022 ± 0.0049 ± 
0.0007 0.0007 0.001 0.001 
(7.92) (6.25) (4.58) (10.21) 
W1 2.2390 ± 1.6376 ± 1.0093 ± 0.8107 ± 
0.33 0.28 0.19 0.20 
(4663.84) (3411.12) (2102.37) (1688.69) 
N 1 0.0284 ± 0.017 ± 0.009+ 0.0066 ± 
0.004 0.003 0.002 0.001 
(59.16) (35.41) (18.75) (13.75) 
P1 0.0025 ± 0.0013 ± 0.0007 ± 0.0005 ± 
0.0004 0.0002 0.0001 0.0001 
(5.08) (2.71) (1.46) (1.04) 
K 1 0.0143 ± 0.0067 ± 0.0035 ± 0.0029 ± 
0.002 0.001 0.001 0.001 
(29.79) (13.96) (7.29) (6.04)] 
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Table 	3.7.1 Stem leaf biomass and N, P. K nutrient contents for the first three 
stem sections of the three stages. Third figure for each stem section 
is on per ha basis. 
Stem Stem leaf component 
section 
age in W51 Ni Psi Ki 
years (dry mass) (nitrogen) (phosphorus) (potassium) 
Stage 1 
1 5.60 x 10- ± 5.30 x 10-6+  6.20 x 10- 7+ 3.95 x 10-6 ± 
7.44 x 10-5 8.10 x 10-7 1.00 x 10-7 5.2 x 10-7 
1.10 0.01 0.001 0.01 
2 2.45 x 10 -4+ 2.21 x 10-6+  2.40 x 10- 7+ 1.54 x 10-6 ± 
2.66 x 10-5 2.27 x 10 - 3.00 x 10-8 1.80 x 10-7 
0.48 0.004 0.001 0.003 
3 3.00 x 10- 5+ 2.40 x 10- 7+ 3.00 x 10-8+  2.10 x iO - ± 
1.64 x 10-5 1.30 x 10-7 2.00 x 10-8 1.10 x 10-7 
0.06 0.001 0.0001 0.0004 
4 - - - - 
Stage 2 
1 1.77 x 10- 3+ 2.04 x 10 -5+ 1.98 x 10-6+  1.11 x iO- 	± 
2.77 x 10-4 3.49 x 10-6 2.90 x 10-7 2.35 x 10-6 
4.151 0.05 0.0046 0.03 
2 0.002 2.24 x 10 -5+ 1.87 x 10-6+  1.00 x 10- 5+ 
0.0003 3.98 x 10-6 3.00 x 10-7 1.72 x 10-6 
4.68 0.05 0.004 0.02 
3 0.0014 1.37 x iO- ± 1.31 x 10-6± 7.11 x 10-6± 
0.0002 2.43 x 10-6 2.00 x 10-7 1.23 x 10-6 
3.28 0.03 0.003 0.02 
4 - - - - 
Stage 3 
1 0.0050 ± 4.89 x 10-5 ± 3.88 x 10-6+  2.45 x 10 -5+ 
0.001 8.04 x 10-6 7.80 x iO 4.30 x 10-6 
10.42 0.10 0.008 0.05 
2 0.0043 ± 3.06 x 10- 5 +- 2.48 x 10-6+  1.97 x 10-5+ 
0.001 8.82 x 10-6 7.30 x 10- 6.69 x 10-6 
8.96 0.06 0.005 0.04 
3 0.0030 ± 1.60 x 10- 5+ -  x 10-6 ± 9.16 x 10-6 ± 
0.0009 6.73 x 10-6 5.60 x 10-7 5.40 x 10 
4.17 0.03 0.003 0.02 
4 - - - - 
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Table 3.7.2 	Stem bark biomass and N, P, K nutrient contents for each stem 
section of stages 1 and 2. Third figure for each stem section is on per 
ha basis. 
Stem Stem bark component 
section 
age in Ws NS, Ps, Ks, 
years (dry mass) (nitrogen) (phosphorus) (potassium) 
Stage 1 
1 1.15 x iO- ± 9.80 x 10-6 ± 1.46 x 10-6+  5.79 x 10-6 ± 
1.72 x iO 1.44 x 10-6 2.20 x 10-7 9.10 x iO 
2.25 0.02 0.003 0.01 
2 6.70 x iO- ± 5.69 x 10-6+  1.03 x 10-6+  4.10 x 10-6+ 
7.95 x 10-5 6.40 x 10-7 1.20 x 10 - 4.70 x 10-7 
1.31 0.01 0.002 0.01 
3 2.01 x iO- ± 1.80 x 10- 5+ 3.06 x 10-6+  1.27 x 10- 5+ 
2.12 x 10-4 1.97 x 10-6 2.90 x 10-7 1.23 x 10-6 
3.94 0.04 0.01 0.0249 
4 2.08 x iO- ± 1.91 x 10 -5+ 3.22 x 10-6+  1.47 x 10 -5+ 
4.90 x 10- 4.83 x 10-6 6.00 x 10-7 3.69 x 10-6 
4.07 0.04 0.01 0.03 
Stage 2 
1 0.0062 ± 5.98 x 10 -5 9.10 x 10-6+  4.06 x 10- 5+ 
0.001 1.11 x 10-5 1.83 x 10-6 9.87 x 10-6 
14.52 0.14 0.02 0.10 
2 0.0106 ± 9.46 x 10- 5+ 1.44 x 10- 5+ 6.61 x 10- 5+ 
0.002 1.49 x 10-5 2.23 x 10-6 1.10 x 10-5 
24.83 0.22 0.03 0.15 
- 3 0.0115 ± 1.14 x 10-4+  1.65 x 10- 5+ 7.02 x 10- 5+ 
0.003 2.72 x iO 3.08 x 10-6 1.60 x 10-5 
26.93 0.27 0.04 0.16 
4 - 	0.0149 ± 1.29 x 10- 4+ 1.73 x 10- 5+ 8.62 x 10- 5+ 
0.003 2.02 x iO-- 2.50 x 10-6 1.56 x iO 
34.90 0.30 0.04 0.20 
5 0.0128 ± 1.09 x 10- 4+ 1.56 x 10- 5+ 8.09 x 10- 5+ 
0.003 2.24 x 10-5 3.15 x 10-6 1.72 x 10-5 
29.98 0.26 0.04 0.19 
6 0.009 ± 7.51 x 10- 5+ 1.08 x 10- 5+ 5.46 x 10- 5+ 
0.02 1.56 x iO 2.30 x 10-6 1.04 x iO 
21.08 0.18 0.03 0.13 
7 0.0126 ± 1.09 x 10- 4+ 1.43 x 10- 5+ 7.23 x 10- 5+ 
0.002 2.03 x iO 2.54 x 10-6 1.20 x 10-5 
29.51 0.26 0.03 0.17 
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Table 3.7.3 	Stem bark biomass and N, P, K nutrient contents for each stem 
section of stage 3. Third figure for each Stem section is on per ha 
basis. 
Stem Stem bark component 
section 
age in Ws, Ns , Ps, K r 
years (dry mass) (nitrogen) (phosphorus) (potassium) 
Stage 3 
1 0.0191 ± 1.82 x iO- ± 2.79 x iO- ± 1.25 x iO- ± 
0.003 3.03 x 10-5 3.91 x 10-6 2.03 x 10-5 
39.79 0.38 0.06 0.26 
2 0.0619 ± 0.0005 ± 7.74 x 10 -5 -+ 3.79 x 10 	± 
0.010 0.001 1.20 x 10-5 6.32 x 10-5 
128.94 1.04 0.16 0.79 
3 0.0533 ± 0.0004 ± 6.05 x 10- 5+ 0.0003+ 
0.01 0.0001 1.26 x 10- 6.80 x 10-5 
111.02 0.83 0.13 0.62 
4 0.0818 ± 0.0007 ± 8.73 x 10- 5+ 0.0005+ 
0.01 0.0001 1.34 x iO 0.0001 
170.39 1.46 0.18 1.04 
5 0.1435 ± 0.0012 ± 0.0001 ± 0.0008 ± 
0.04 0.0003 3.78 x 10- 0.0002 
298.91 2.50 0.21 1.67 
6 0.1230 ± 0.0010 ± 1.24 x 10- 4+ 0.0007+ 
0.03 0.0003 3.22 x 10- 0.0002 
256.21 2.08 0.26 1.46 
7 0.0976 ± 0.0008 ± 9.76 x 10- 5 +- 0.0006+ 
0.02 0.0001 1.51 x 10- 0.0001 
203.30 1.67 0.20 1.25 
8 0.1068 ± 0.0009 ± 1.07 x iO- ± 0.0006+ 
0.02 0.0001 1.83 x 10- 0.0001 
222.46 1.87 0.22 1.25 
9 0.0935 ± 0.0009 ± 9.35 x 10- 5+ 0.0006+ 
0.02 0.0001 1.60 x 10- 9.10 x 10-5 
194.76 1.46 0.19 1.04 
10 0.0880 ± 0.0007 ± 8.51 x 10- 5+ 0.0005+ 
0.010 0.0001 7.42 x 10-6 0.0001 
183.30 1.46 0.18 1.04 
11 0.1672± 0.0013± 0.0002± 0.0009± 
0.07 0.0005 0.0001 0.0004 
348.28 2.71 0.42 1.87 
12 0.1781 0.0014 0.0002 0.0010 
370.98 2.92 0.42 2.08 
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Table 	3.7.4 Stem wood biomass and N, P, K nutrient contents for each stem 
section of stages 1 and 2. Third figure for each stem section is on per 
ha basis. 
Stem Stem wood component 
section 
age in WSW Nsw Psw  KS, 
years (dry mass) (nitrogen) (phosphorus) (potassium) 
Stage 1 
1 3.10 x iO- ± 8.13 x 10-6 ± 1.73 x 10-6+  8.28 x 10-6 ± 
4.59 x 10-4 1.44 x 10-6 2.40 x 10-7 1.46 x 10-6 
6.07 0.02 0.003 0.02 
2 2.39 x 10- 3+ 5.08 x 10-6+  1.09 x 10-6+-  4.88 x 10-6+ 
2.90 x 10-4 7.80 x 10-5 1.20 x 10-7 7.20 x 10-7 
4.68 0.01 0.002 0.01 
3 8.62 x 10- 3+ 1.55 x 10- 5 +- 3.57 x 10-6+  1.52 x 10- 5+ 
9.09 x 10-4 2.43 x 10-6 4.10 x 10-7 1.78 x 10-6 
16.88 0.03 0.01 0.03 
4 0.0101 ± 1.52 x 10 -5+ 3.84 x 10-6+  1.54 x 10 -5+ 
0.002 5.30 x 10-6 6.00 x iO 4.35 x 10-6 
19.78 0.03 0.01 0.03 
Stage 2 
1 0.0174 ± 2.48 x 10- 5+ 7.20 x 10-6+  2.01 x 10 -5+ 
0.004 4.67 x 10-6 1.74 x 10-6 6.72 x 10-6 
40.75 0.06 0.02 0.05 
2 0.044 ± 5.65 x 10- 5 +- 1.51 x 10- 5+ 3.98 x 10- 5+ 
0.01 1.13 x 10-5 3.39 x 10-6 1.19 x 10-5 
103.05 0.13 0.04 0.09 
3 0.0563 ± 7.01 x 10- 5+ 1.77 x 10- 5+ 3.36 x 10- 5+ 
0.017 1.89 x iO 5.18 x 10-6 7.12 x 10-6 
131.85 0.16 0.04 0.08 
4 0.0762 ± 8.53 x 10- 5+ 2.29 x 10- 5 +- 4.86 x 10- 5+ 
0.017 1.91 x 10-5 5.05 x 10-6 1.27 x iO 
178.46 0.20 0.05 0.11 
5 0.0762 ± 8.53 x 10- 5+ 2.29 x 10- 5 +- 4.86 x 10- 5+ 
0.02 1.67 x 10-5 5.63 x 10-6 1.36 x 10-5 
169.56 0.17 0.05 0.10 
6 0.0536 ± 4.98 x 10- 5+ 1.75 x 10- ± 2.63 x 10- ± 
0.01 1.04 x 10-5 5.16 x 10-6 6.99 x 10-6 
125.53 0.12 0.04 0.06 
7 0.0806 ± 7.66 x 10-5+  1.94 x 10- 5 +- 4.17 x 10- 5+ 
0.02 1.88 x 10-5 4.93 x 10-6 1.18 x 10-5 
188.77 0.18 0.05 0.10 
8 
53 
Table 3.7.5 	Stem wood biomass and N, P, K nutrient contents for each stem 
section of stage 3. Third figure for each stem section is on per ha 
basis. 
Stem 	 Stem wood component 
section 
age in 	 WSW 	 Nsw 	 Psw 	 Ks 
years (dry mass) (nitrogen) (phosphorus) 	(potassium) 
Stage 3 
1 0.0514 ± 1.56 x 10 	± 2.63 x iO 	± 1.36 x iO- ± 
0.009 2.56 x 10-5 4.88 x 10-6 2.56 x iO 
107.07 0.32 0.05 0.28 
2 0.2224 ± 0.0005 ± 8.35 x iO 	± 0.0005+ 
0.04 0.0001 0.0001 
463.26 1.04 0.17 1.04 
3 0.2273 ± 0.0004 ± 6.34 x iO- ± 0.0004+ 
0.05 0.0001 1.51 x 10- 0.0001 
473.47 0.83 0.13 0.83 
4 0.3919 ± 0.0006 ± 9.60 x 10-5 ± 0.0006+ 
0.07 0.0001 1.33 x 10- 0.0001 
816.33 1.25 0.20 1.25 
5 0.7363 ± 0.0012 ± 0.0002 ± 0.0011 ± 
0.199 0.0003 0.0001 0.0003 
1533.71 2.50 0.42 2.29 
6 0.6605 ± 0.0010 ± 1.42 x 10- 4+ 0.0002+ 
0.18 0.0003 3.45 x iO 0.0002 
1375.82 2.08 0.30 1.87 
7 0.5576 ± 0.0008 ± 1.27 x 10- 4+ 7.89 x iO- ± 
0.09 0.0001 1.14 x 10- 1.44 x 10-4 
1161.48 1.67 0.26 1.64 
8 0.6400 ± 0.0008 ± 0.0001 ± 0.0009 ± 
0.11 0.0001 1.99 x 10- 0.0002 
1333.12 1.67 0.21 1.87 
9 0.5788 0.0008 1.30 x 10- 0.0009 
0.10 0.0001 1.24 x 10- 0.0002 
1205.64 1.67 0.27 1.97 
10 0.5551 0.0007 0.0001 0.0005 
0.06 0.0001 1.25 x 10- 0.0001 
1156.27 1.46 0.21 1.67 
11 1.0619 0.0013 0.0003 0.0014 
0.42 0.0006 0.0001 0.0005 
2211.94 2.71 0.62 2.92 
12 1.1416 0.0015 0.0002 0.0019 
2377.95 3.12 0.42 3.96 
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Table 3.7.6 	Total stem biomass and N, P, K nutrient contents for each stem 
section of stages 1 and 2. Third figure for each stem section is on per 
ha basis. 
Stem Stem component 
section 
age in WS N5 P5 K5 
years (dry mass) (nitrogen) (phosphorus) (potassium) 
Stage 1 
1 4.25 x iO- ± 2.33 x 10- ± 3.82 x 10-6 ± 1.80 x iO- ± 
6.31 x 10-4 3.47 x 10-6 5.30 x 10-7 2.72 x 10-6 
8.3215 0.0456 0.0075 0.0352 
2 3.06 x iO- ± 1.30 x iO 	± 2.38 x 10-6+  1.05 x iO- ± 
3.70 x 10- 1.51 x 10-6 2.50 x 10-7 1.25 x 10-6 
5.9915 0.0255 0.0047 0.0206 
3 0.0106 ± 3.38 x 10- 5+ 6.66 x 10-6+  2.82 x 10- ± 
0.001 4.17 x 10-6 6.70 x 10-7 2.88 x 10-6 
20.7548 0.0662 0.0130 0.0552 
4 0.0122 ± 3.43 x iO 	± 7.08 x 10-6 ± 3.01 x iO- ± 
0.003 1.00 x 10-5 1.16 x 10-6 7.84 x 10-6 
23.8876 0.0672 0.0139 0.0589 
Stage 2 
1 0.0236 ± 0.0001 ± 1.83 x iO- ± 7.18 x iO 	± 
0.005 0.00004 3.63 x 10-6 1.63 x 10-5 
55.27 0.23 0.04 0.17 
2 0.0546± 1.74x10 4 ± 3.13x10-5 ± 1.16x10 4 ± 
0.012 2.78 x 10-5 5.40 x 10-6 2.22 x 10-5 
127.87 0.41 0.07 0.27 
- 3 0.0679 ± 1.98 x 10- 4+ 3.54 x 10- 5+ 1.11 x 10- 4+ 
0.02 4.79 x iO 8.22 x 10-6 2.32 x 10-5 
159.02 0.46 0.08 0.26 
4 0.0911 ± 2.14 x 10- 4+ 4.02 x 10- 5+ 1.35 x 10- 4+ 
0.019 3.78 x 10-5 7.05 x 10-6 2.64 x 10-5 
213.36 0.50 0.09 0.32 
5 0.0851 ± 1.80 x 10-4+  3.61 x 10- 5+ 1.22 x 10-4+ 
0.021 3.89 x 10 - 8.31 x 10-6 2.93 x 10-5 
199.30 0.42 0.08 0.29 
6 0.0626 ± 1.25 x 10- 4+ 2.83 x 10- 5+ 8.08 x 10- 5+ 
0.012 2.26 x 10-5 6.03 x 10-6 1.48 x 10-5 
146.61 0.29 0.07 0.19 
7 0.0932 ± 1.86 x iO-' ± 3.37 x 10- 5+ 1.14 x 10- 4+ 
0.02 3.73 x 10-5 6.76 x 10-6 2.24 x 10-5 
218.27 0.44 0.08 0.27 
8 
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Table 3.7.7 	Total stem biomass and N, P, K nutrient contents for each stem 
section of stage 3. Third figure for each stem section is on per ha 
basis. 
Stem Stem bark component 
section 
age in WS N5 P5 K5 
years (dry mass) (nitrogen) (phosphorus) (potassium) 
Stage 3 
1 0.0704 ± 3.87 x 10- ± 5.81 x iO- 	± 2.85 x iO- ± 
0.012 6.13 x iO 9.19 x 10-6 4.70 x 10-5 
146.64 0.81 0.12 0.59 
2 0.2842± 0.0011± 1.63x10 4 ± 8.85x10 4 ± 
0.05 0.0002 2.56 x 10- 1.39 x 10-4 
591.99 2.29 0.34 1.84 
3 0.2805 ± 0.0009 ± 0.0001 ± 0.0007 ± 
0.06 0.0002 2.69 x 10- 1.31 x i0- 
584.49 1.87 0.21 1.46 
4 0.4737 ± 0.0013 ± 0.0002 ± 0.0010 ± 
0.08 0.0002 2.35 0.0001 
986.71 2.71 0.42 2.08 
5 0.8798 ± 0.0023 ± 3.20 x iO- ± 0.0019+ 
0.24 0.0006 8.72 x 10- 0.0005 
1832.62 4.79 0.67 3.96 
6 0.7835 ± 0.0020 ± 0.0003 ± 0.0016 ± 
0.21 0.0005 0.0001 0.0004 
1632.03 4.17 0.62 3.33 
7 0.6551 ± 0.0016 ± 0.0002 ± 0.0014 ± 
0.101 0.0002 2.56 x iO 0.0002 
1364.57 3.33 2.42 2.92 
8 0.7468 ± 0.0017 ± 2.26 x iO - ± 0.0016+ 
0.13 0.0003 3.40 x 10 - 0.0003 
1555.58 3.54 0.47 3.33 
9 0.6723 ± 0.0016 ± 0.0002 ± 0.0014 ± 
0.11 0.0002 2.81 x 10- 0.0002 
1400.40 3.33 0.42 2.92 
10 0.6431 ± 0.0014 ± 0.0002 ± 0.0013 ± 
0.07 0.0001 1.98 x 10- 0.0001 
1339.58 2.92 0.42 2.71 
11 1.2291 ± 0.0028 ± 0.0004 ± 0.0023 ± 
0.48 0.0002 0.0008 
2560.22 5.42 0.83 4.79 
12 1.3198 0.0029 0.0003 0.0030 
2749.14 6.04 0.83 6.25 
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stage 1, 16.23 % in stage 2, and 15.10 % in stage 3. The presence of needles is 
confined to the first three sections of the stem and their dry mass and nutrient contents 
decreased down the stem section. The dry mass of the stem needles is not included in 
the dry mass of the stem but their nutrients were added to the total amount of nutrients 
in the stem. There is a trend of increasing dry mass of stem sections down the stem in 
all stages but the nutrient concentrations declined down the stem when expressed 
relative to stem section dry mass. 
3.3.2 Whorl and inter-whorl biomass and nutrient distributions 
The mean total dry mass of each whorl and its component parts from the top to the 
bottom of the crown and the corresponding N, P, K nutrient contents are shown in 
Tables 3.8.1-3.8.2. The mean dry mass of each whorl component and its N, P, K 
nutrient contents by component age are shown in Tables 3.9.1-3.9.3. The mean total of 
all whorl components of the whole tree crown and the corresponding N, P, K nutrient 
contents by whorl component and age are shown in Tables 3.10.1-3.10.2. The same 
classification is followed for the component dry mass and N, P. K nutrient content 
distributions of whole tree crown inter-whorls in Tables 3.11.1-3.13.2. There were 
four live whorls and four live inter-whorls in stage 1, seven live whorls and five live 
inter-whorls in stage 2, and 12 live whorls and seven live inter-whorls in stage 3. The 
inter-whorls account for 50.2 % of the total dry mass of the crown in stage 1, 11.7 % 
in stage 2, and 8 % in stage 3. The total dry mass of needles in each whorl and 
inter-whorl from the top to the bottom of the canopy and the total N, P, K nutrient 
contents show a mid crown maximum with decreasing amounts towards the top and 
bottom of the crown. Similar trends were also found in whorls and inter-whorls for 
components of different age. This pattern of distribution was recognized by Van den 
Driessche (1974). There was a decrease in N, P, K content with increasing needle age 
in all crown components of the three stages: similar trends have been recorded for a 
number of tree species (Leyton and Armson, 1955; Madgwick,1964; Keay et al., 1968; 
Morrison, 1972, Morrison, 1974; Florence and Chuong, 1974; Comerford, 1981). 
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Table 3.8.1 	Mean whorl biomass and nutrient contents by components for each whorl of stages 1 and 2. 
Stand 
Characteristics 
Whorl Whorl Components (kg) 
No. WW WWI WWb NW PW KW  
Wi 0.0041 ± 2.65 x 10- 3+ 1.45 x 10-3+ 4.10 x 10-5 ± 6.14 x 10-6+ 3.22 x 10- 	± 
0.0003 1.89 x 10 1.45 x 10-4 3.89 x 10-6 6.50 x iO 2.47 x 10-6 
W2 0.0060 ± 4.32 x 10- 3+ 1.72 x 10- 3+ 5.83 x 10 -5+ 8.45 x 10-6+ 4.63 x 10- 
5+ 
0.0070 4.87 x 10-4 2.33 x 10-4 7.87 x 10-6 1.18 x 10-6 4.82 x 10-6 
W3 0.0115 ± 7.30 x 10- 3+ 4.16 x 10- 3+ 9.75 x 10-5+ 1.41 x 10- 5+ 7.48 x 10- 	± 
0.0016 9.33 x 10-4 7.13 x 10-4 1.27 x 10-5 2.26 x 10-6 9.27 x 10-6 
W4 0.0090 ± 5.95 x 10-3+ 3.00 x 10-3+-  7.77 x 10- 5+ 1.05 x 10- 5+ 6.36 x 10-5+ 
0.0054 3.45 x 10-3 1.90 x 10-3 3.45 x 10-5 3.75 x 10-6 2.82 x iO- 
Wi 0.0244± 0.0135± 0.0108± 2.95x10 4 ± 3.71x10 5 ± 1.53x10-4 ± OD 
0.0037 0.0018 0.0019 4.32 x 10- 5.64 x 10-6 3.13 x 10-5 
W2 0.1023 ± 0.0640 ± 0.0383 ± 1.13 x 10- 3+ 1.36 x 10- 4+ 5.89 x 10- 4+ 
0.0195 0.0115 0.0084 2.15 x 10-4 2.72 x 10- 1.30 x 10-4 
W3 0.2039 ± 0.1159 ± 0.0879 ± 2.14 x 10-3+-  2.35 x 10-4+ 1.00 x 10-3+ 
0.0357 0.0188 0.0170 3.52 x 10-4 3.98 x 10-5 1.97 x 
10-4 
W4 0.2144± 0.1167± 0.0977± 2.35x10-3 ± 2.39x10-4 ± 1.05x10-3 ± 
0.0481 0.0235 0.0247 5.72 x 10-4 4.87 x 10-5 2.64 x 10-4 
W5 0.1542 ± 0.0812 ± 0.0730 ± 1.46 x 10-3+  1.55 x 10-4+  6.93 x 10-4+ 
0.0430 0.205 0.0255 3.60 x 10-4 3.98 x 10- 2.12 x 10-4 
W6 0.1264 ± 0.0701 ± 0.0663 ± 1.26 x 10- 3+ 1.49 x 10-4+  6.07 x 10- 4+ 
0.0451 0.0219 0.0233 3.69 x iO 4.94 x 10-5 1.77 x i0- 
W7 0.0824 ± 0.0394 ± 0.0430 ± 8.59 x iO- ± 7.78 x 10 -5+ 3.99 x 10 -4+ 






W = whorl biomass; WWI = whorl leaf biomass; WWb = whorl branch biomass; NW = whorl nitrogen; Pw = whorl phosphorus; 
Kw whorl potassium 
P. 
Table 3.8.2 	Mean whorl biomass and nutrient contents by components for each whorl of stage 3. 
Whorl Whorl Components (kg) 
Stand 
No. Ww WW I WWb NW PW 
KW Characteristics 
Wi 0.0516 ± 0.0228 ± 0.0288 ± 4.89 x 10-4 ± 5.89 x 10-5 ± 3.41 x 10-4+ 
0.0111 0.0070 0.0054 8.93 x 10-5 1.05 x 10-5 8.89 x 10-5 
W2 0.3219 ± 0.1734 ± 0.1485 ± 3.22 x 10 -3 +- 3.17 x iO -' ± 1.68 x 10-3+ 
0.0527 0.0340 0.0218 5.40 x 10 - 4.34 x 10-5 3.61 x 10-4 
W3 0.5795 ± 0.2965 ± 0.2831 ± 5.20 x 10- ± 5.08 x 10-4 ± 2.34 x 10-4+ 
0.1491 0.0621 0.0902 1.43 x 10-3 1.52 
x 10-4 4.47 x 1O- 
W4 1.2015± 0.6298± 0.5716± 0.0100± 9.22x10-4 ± 4.57x10-3 ± 
0.1823 0.0809 0.1112 0.0015 1.62 x iO 6.37 x 10 Stage 3 
W5 2.0105 ± 1.0201 ± 0.9904 ± 0.0148 ± 1.34 x 10 
-3+ 7.06 x 10 -3+ 
0.2313 0.1075 0.1456 0.0014 1.56x iO 5.90x iO 
W6 1.6322 ± 0.7865 ± 0.8457 ± 0.0114 ± 1.01 x 10- 
3+ 5.51 x 10-3+ 
0.3465 0.1538 0.2145 0.0024 2.24 x iO 9.86 x iO Age 12 
W7 1.7272 ± 0.8140 ± 0.9132 ± 0.0110 ± 9.80 x 10- 4+ 5.65 x 10-3+ 
0.03295 0.1756 0.1811 0.0022 1.81 x 10- 1.17 x 10 
W8 1.3605 ± 0.6018 ± 0.7586 ± 8.24 x 10-3+ 7.83 x 10- 
4+ 4.42 x 10- 3+ 
0.3397 0.1535 0.2096 1.97 x 10-3 1.92 x iO 1.09 x 10-3 
W9 0.9464 ± 0.3754 ± 0.5709 ± 4.90 x iO- ± 4.55 x 10- 
4+ 2.77 x 10-3+ 
0.3053 0.0960 0.2205 1.38 x 10- 1.33 x 10-4 7.07 x 10-4 
W10 0.6976 ± 0.2809 ± 0.4167 ± 3.65 x 10-3 ± 3•45 x 10- 4+ 2.02 x 10- 
3+ 
0.0873 0.0592 0.0641 4.25 x 10-4 2.96 x iO 3.31 x iO- 
Wil 0.7256 ± 0.2207 ± 0.5049 ± 3.71 x iO- ± 3.35 x iO- ± 1.63 x 10 
-3+ 
0.4474 0.1118 0.3358 2.16x iO 1.97x iO 6.69x iO 
W12 0.5548 0.1768 0.3780 3.18 x 10-3 2.97 x 10-4 1.78 x iO- 
W = whorl biomass; WWI = whorl leaf biomass; WWb = whorl branch biomass; NW = whorl nitrogen; Pw = whorl phosphorus; 
= whorl potassium 
















2.65x 1ft3 ± 
1.89 x i0- 
3.25 x 10-3 ± 
3.92 x 10-4 
1.07 x 10- 3+ 
1.13 x 10-4 
5.12 x 10- 3+ 
6.82 x 10-4 
1.70 x 10-3+ 
2.47 x 10-4 
4.85 x iO- ± 
7.30 x 10-5 





3.00 x 10-4 
4.00 x 10-4 
3.34x 10-5 ± 4.66x 10-6± 
3.18 x 10.6 4.90 x iO 
4.10 x 10 -5+ 5.76 x 10-6+ 
5.99 x 10.6 9.00 x iO 
1.07 x 10 -5 + 1.39 x 10-6+ 
1.29 x 10-6 1.50 x 10- 
6.19x 10-5 ± 8.48x 10-6± 
8.38 x 10-6 1.54 x 10.6 
1.75 x 10- 5+ 2.24 x 10-6+ 
2.52 x 10.6 3.70 x 10-7 
4.23 x 10-6+-  5.00 x 10- 7+ 
6.60 x 10-7 8.00 x 10.8 
4.94 x 10 -5+ 6.70 x 10-6+ 
2.35 x 10-5 2.80 x 10-6 
8.25 x 10-6+ 1.00 x 10-6+ 
1.85 x 10.6 1.00 x 10- 
7.50x 10-6± 9.00x 10-7 ± 
2.30 x 10.6 2.00 x 10 
2.40 x 10-6 3.00 x 10-7 
2.56 x 10-5+ 1.45 x 10- 3+ 
1.98 x 10- 6 1.45 x iO 
3.19x 10-5 ± 9.00x 10-4 ± 
3.58 x 10-6 1.20 x iO 
8.09 x 10-6+ 8.20 x 10- 4+ 
8.30 x 10-7 1.24 x l0- 
4.68 x 10 -5+ 1.48 x 10-3+ 
6.45 x 10-6 2.27 x iO 
1.24 x 10- 5+ 1.53 x 10 -3 ± 
1.68 x 10-6 2.89 x l0- 
2.98x 10.6± 1.16x 10-3 ± 
4.50 x 10- 2.40 x 10-4 
3.84 x 10- 5+ 1.15 x 10- 3+ 
1.80 x 10-5 7.50 x iO 
6.30 x 10-6+-  5.50 x 10 -4+ 
1.10 x 10.6 3.50 x iO 
5.65x 10-6± 9.00x 10-4 ± 
1.25 x 10-6 4.00 x 10-4 
2.40 x 10.6 8.00 x 10-4 
NWb 
7.53 x 10-6± 
8.70 x 10-7 
4.11 x 10-6± 
6.70 x 10-7 
2.43 x 10-6+ 
3.30 x iO- 
6.64x 10-6± 
9.70 x iO- 
4.49x 10.6± 
7.80 x iO- 
2.81 x 10-6± 
5.20 x 10-7 
5.45 x 10-6+ 
2.35 x 10-6 
1.95 x 10-6+ 
1.15 x 10.6 
2.75 x 10-6± 
1.05 x 10.6 
2.30 x 10.6 
PWb 
1.47 x 10-6± 
1.80 x iO 
8.30x ift7 ± 
1.40 x 10-7 
4.70 x 10-7+ 
7.00 x 10-8 
1.37 x 10-6± 
2.10 x 10-7 
9.00 x  10- 7+ 
1.70 x iO 
5.70 x 10-7+ 
1.20 x 10-7 
7.50 x 10-7+ 
1.50 x 10-7 
3.00 x 10- 7+ 
1.00 x 10-7 
4.00 x 10-7+ 
1.00 x 10-7 
3.00 x i0- 
KWb 
6.59 x 10-6+ 
7.00 x 10-7 
4.33x 10-6± 
6.10 x iO- 
1.95x 10-6± 
2.60 x 10-7 
7.11 x 10-6± 
1.05 x 10-6 
3.63 x 10-6+ 
6.60 x 10-7 
1.89 x 10-6+ 
3.50 x iO- 
7.05x 10.6± 
3.75 x 10-6 
2.00 x 10-6+ 
1.10 x 10.6 
2.20x 10-6± 
1.00 x 10-6 
1.40 x 10.6 




WWI = Whorl leaf biomass; Ni = Whorl leaf nitrogen; Pi = Whorl leaf phosphorus; Ki = Whorl leaf potassium; WWb = Whorl branch 
biomass; NWb = Whorl branch nitrogen; Pjij = Whorl branch phosphorus; KWb = Whorl branch potassium 
- 
Table 3.9.2 	Mean whorl biomass and nutrient contents by component age for each whorl of stage 2 age 8. 
Whorl 	Whorl Whorl Components (kg) 
No. Cmpt. 
Age WWI Ni Pwi KWI WWb NWb PWb KWb 
Wi 	1 0.0135 ± 2.07 x 10-4+  2.11 x 10-5+  9.63 x 10- 5+ 0.0108 ± 8.73 x 10-5+  1.59 x 10-5+  5.68 x 10-5+ 
0.0018 2.65 x 10-5 3.26 x 10-6 1.76 x 10-5 0.0019 1.78 x 10-5 2.48 x 10-6 1.41 x 10-5 
W2 	1 0.0551 ± 8.13 x iO- ± 8.72 x 10- 5+ 3.82 x 10 -4 +- 0.0201 ± 1.35 x 10-4+-  2.54 x 10-5 ± 1.03 x 10-4+ 
0.0101 1.56 x 10 -4 1.76 x 10-5 7.79 x 10-5 0.004 3.53 x iO 5.74 x 10 2.92 x 10- 
2 0.0089 ± 1.17 x 10- 4+ 1.09 x 10- 5+ 4.90 x 10- 5+ 0.0182 ± 6.75 x 10- 5+ 1.29 x 10- 5 + 5.43 x 10-5+ 
0.0017 2.48 x 10-5 2.29 x 10-6 1.07 x 10- 0.0048 1.92 x 10-5 3.27 x 10-6 1.91 x 10-5 
W3 	1 0.0739 ± 1.16 x 10- 3+ 1.15 x 10- 4 +- 4.97 x 10 -4 +- 0.0241 ± 1.66 x 10- 4 +- 3.29 x 10- 5+ 1.35 x 10-4+ 
0.0117 1.78 x 10- 1.89 x 10-5 9.00 x iO 0.0047 3.70 x iO 7.54 x 10 3.79 x 10- 
2 0.0363 ± 5.04 x 10- 4+ 4.31 x 10- 5+ 1.78 x 10 - 4 +- 0.0297 ± 1.27 x 10 -4 -+ 2.17 x 10- 5+ 9.11 x 10- 5+ 
0.0064 8.72 x 10-5 7.39 x 10-6 3.19 x 10-5 0.0058 2.39 x 10-5 3.87 x 10-6 1.97 x 10 
3 0.0057 ± 6.49 x 10- 5 +- 6.09 x 10-6+-  2.55 x 10- 5+ 0.0342 ± 1.14 x 10-4+  1.90 x 10-5+-  7.58 x 10-5+ 
0.001 1.26 x 10-5 1.22 x 10-6 4.66 x 10-6 0.007 2.44 x 10-5 3.51 x 10-6 2.09 x 10-5 
W4 	1 0.0645 ± 1.17 x 10-3+  1.09 x 10-4+  4.91 x 10 -4 +- 0.0188 ± 1.47 x 10- 4 +- 2.63 x 10- 5+ 1.00 x 10-4+ 
0.0131 2.70 x 10-4 2.28 x 10-5 1.17 x iO 0.0047 3.84 x iO- 6.54 x 10-6 353 x 10- 
2 0.0332 ± 4.85 x 10- 4 -+ 4.21 x 10- 5+ 1.78 x 104 + 0.0241 ± 1.03 x 10- 4+ 1.51 x 10- 5+ 6.82 x 10- 5+ 
0.0063 9.99 x iO 7.19 x 10-6 3.52 x 10-5 0.0060 2.84 x iO 3.03 x 10-6 2.00 x 10 
3 0.0163 ± 1.95 x 10-4+  1.59 x 10-5+  7.60 x 10- 5+ 0.0316 ± 1.34 x 10-4+  1.72 x 10- ± 7.77 x 10- 5+ 
0.0039 5.81 x 10-5 3.57 x 10-6 1.91 x 10-5 0.0075 4.40 x 10-5 3.50 x 10-6 2.19 x i0- 
4 0.0027± 3.49x 10-5 ± 3.19x 10-6± 1.47x iO± 0.0233± 8.11 x 10± 1.02x 10-5 ± 4.21 x 10-5 ± 
0.0007 1.48 x 10-5 9.90 x 10-7 5.52 x 10-6 0.0081 3.32 x 10-5 3.14 x 10-6 1.82 x 10-5 
W5 	1 0.0406 ± 5.90 x 10- 4 +- 5.99 x 10- 5 -+ 2.92 x 10 -4 +- 0.0111 ± 8.77 x 10- 5+ 1.54 x 10-5 -+ 6.48 x 10- 5+ 
0.0119 1.37 x 10 1.65 x iO 9.87 x 10-5 0.0039 3.17 x 10- 5.11 x 10-6 2.55 x 10- 
2 0.0207 ± 3.06 x 10-4+-  2.56 x 10-5+  1.09 x 10 - 4 + 0.0132 ± 6.87 x 10- ± 9.70 x 10-6+-  4.37 x 10- 5+ 
0.0048 7.29 x 10- 5.77 x 10-6 2.66 x 10-5 0.0046 2.51 x 10-5 2.77 x 10-6 1.57 x i0- 
3 0.0126 ± 1.67 x 10- ± 1.33 x 10- 5 +- 5.96 x 10- 5+ 0.0170 ± 5.96 x 10-5+  1.02 x 10- 5 +- 4.10 x 10- 5 + 
0.0026 4.01 x 10-5 2.70 x 10-6 1.33 x 10-5 0.0049 1.59 x 10- 2.55 x 10-6 1.26 x 10 
4* 0.0072 ± 8.35 x 10 -5 +- 6.72 x 10-6+-  3.29 x 10-5+  0.0316 ± 9.41 x 10- 5+ 1.42 x 10- ± 5.06 x 10- 5+ 
0.0019 2.32 x 10-5 1.50 x 10-6 8.86 x 10-6 0.0093 2.89 x 10-5 3.63 x 10-6 1.50 x iO- 
Table 3.9.2 	Cont'd 
W6 	1 0.0328 ± 5.15 x 10-4+-  5.23 x 10-5+-  2.39 x 10-4 +- 0.0084 ± 5.67 x 10- 5+ 1.03 x 10- 5+ 4.57 x iO - ± 
0.0097 1.38 x 10 -4 1.51 x 10-5 6.54 x iO 0.0027 1.83 x iO 3.39 x 10-6 1.46 x 10- 
2 0.0177 ± 2.50 x 10- 4+ 2.20 x 10- 5+ 9.66 x 10- 5+ 0.0098 ± 5.05 x iO 	± 7.88 x 10-6+-  3.74 x iO 	± 
0.0064 8.52 x 10 7.70 x 10-6 3.20 x 10 0.0036 1.69 x 10-5 2.70 x 10-6 1.33 x 10- 
3 0.0119 ± 1.59 x 10- 4+ 1.36 x 10- 5+ 5.97 x 10- 5+ 0.0143 ± 4.96 x 10-5+  8.26 x 10-6+-  3.55 x'10 	± 
0.0039 5.17 x 10-5 4.50 x 10-6 1.84 x 10-5 0.0053 1.73 x 
10-5 2.83 x 10-6 1.52 x 10-5 
4* 0.0077 ± 8.46 x 10- 5+ 7.44 x 10-6+  3.48 x 10- 5+ 0.0339 ± 9.07 x 10- 5 +- 2.75 x 10- 5 +- 5.81 x '10-5+ 
0.0023 2.58 x 10-5 2.09 x 10-6 1.02 x 10-5 0.0118 3.05 x 10 1.32 x iO 2.02 x 10 
W7 	1 0.0157 ± 2.53 x 10- 4+ 2.09 x 10 -5+ 1.07 x 10-4 +- 0.0038 ± 2.99 x 10 -5 +- 5.10 x 10-6+- 2.41 x 10- 
5+ 
0.01 1.70 x 10-4 1.13 x 10-5 6.34 x 10-5 0.0026 2.33 x 10-5 3.70 x 10-6 1.90 x 10- 
2 0.0097 ± 1.76 x 10- 4+ 1.25 x 10-5+- 6.07 x 10-5+  0.0045 ± 2.78 x 10-5+-  3.90 x 10-6+- 2.13 x 10- 5+ 
0.0057 1.25 x 10-4 7.46 x 10-6 3.70 x 10-5 0.0028 1.93 x 10- 2.53 x 10-6 1.42 x i0- 
3 0.0075 ± 1.10 x 10- 4 +- 6.53 x 10-6+ 3.96 x 10- 5+ 0.0071 ± 3.82 x 10-5+- 5.88 x 10-6+- 3.10 x 10-5+ 
0.0050 8.06 x 10-5 3.80 x 10-6 2.64 x 10-5 0.0048 2.92 x 10-5 4.45 x 10-6 2.45 x 
10-5 
4* 0.0066 ± 1.07 x 10 -4+ 7.15 x 10-6-+  3.81 x 10 -5+ 0.0276 ± 1.18 x 10- 4+ 1.59 x 10- 5+ .7.77 x 10 -5+ 
0.0050 9.18 x iO 5.56 x 10-6 2.92 x 10-5 0.0187 8.64 x 10-5 1.14 x iO 5.79 x iO 
* Four-year-old needles and more. 
WWI = Whorl leaf biomass; Ni = Whorl leaf nitrogen; Pi = Whorl leaf phosphorus; Ki = Whorl leaf potassium; WWb = Whorl branch 
biomass; NWb = Whorl branch nitrogen; PWb = Whorl branch phosphorus; KWb = Whorl branch potassium 
Table 3.9.3 Mean whorl biomass and nutrient contents by component age for each whorl of stage 3 age 12. 
Whorl 	Whorl Whorl Components (kg) 
No. Cmpt. 
Age Wi Ni Pwi Ki WWb NWb Wb KWb 
Wi 	1 0.0228 ± 2.73 x 10-4+ 2.43 x 10-5+  1.68 x 10-4+ 0.0288 ± 2.16 x 
10-4+-  3.46 x 10- 5+ 1.73 x 10- 4+ 
0.0070 6.31 x 10-5 5.94 x 10- 5.97 x 10-5 0.0054 3.47 x 
10-5 6.11 x 10-6 3.86 x 10-5 
W2 	1 0.1484 ± 2.10 x 10- 3+ 1.78 x 10 -4+ 9.65 x 10-4+ 0.0746 ± 5.46 x 
10 -4 +- 7.50 x 10-5+-  3.90 x 10 -4+ 
0.0283 3.88 x 10 2.65 x iO 2.18 x 10-4 0.0106 7.21 
x 10-5 1.01 x 10-5 7.94 x 10- 
2 0.0249 ± 2.57 x 10- 4+ 1.99 x 10- 5+ 1.24 x 10- 4+ 0.0739 ± 3.17 x 10- 4 +- 4.43 x 
10- 5 +- 2.05 x 10- 4+ 
0.0058 6.56 x 10-5 4.25 x 10-6 3.05 x 10- 0 . 0119 4.73 x 
10-5 7.14 x 10-6 4.16 x 10-5 
W3 	1 0.0239 ± 2.81 x 10- 3+ 2.41 x 10- 4+ 1.10 x 10- 3+ 0.0823 ± 6.78 x 10- 
4+ 9.31 x 10- 5 +- 3.99 x 10- 4+ 
0.0492 8.27 x 10 7.32 x 10-5 1.96 x 10-4 0.0253 2.25 x 10- 3.18 x 
10-5 9.88 x 10- 
2 0.0810 ± 8.98 x 10- 4+ 7.31 x 10- 5+ 3.44 x 10- 4+ 0.1029 ± 4.32 x 
10- 4 +- 5.77 x 10 	± 2.79 x 10- 4+ 
0.0146 1.55 x iO 1.41 x iO 5.95 x 10-5 0.0342 1.46 
x 10-4 2.11 x 10-5 7.77 x 10- 
3 0.0116 ± 1.02 x 10-4+  8.42 x 10-6+ 4.29 x 10- 5+ 0.0979 ± 2.78 x 
10-4+-  3.47 x 10- 5+ 1.72 x 10-4+ 
0.0021 1.24 x 10-5 1.02 x 10-6 7.30 x 10-6 0.0311 8.99 x 
10-5 1.33 x 10-5 4.75 x l0- 
W4 	1 0.3376 ± 4.54 x 10- 3+ 3.75 x 10-4+ 1.92 x 10- 3+ 0.1154 ± 9.38 x 10- 
4+ 1.24 x 10-4+-  5.57 x 10-4+ 
0.0471 7.36 x 10- 6.29 x 10-5 2.28 x 10-4 0.0212 1.84 x iO 2.55 x 
10-5 1.20 x 10 
2 0.1901 ± 2.16 x 10-3+  1.67 x 10- 4 +- 7.64 x 10- 4+ 0.1550 ± 7.10 x 
10-4+  8.96 x 10 -5 +- 4.25 x 10-4 ± 
0.0240 2.85 x iO 2.02 x 10-5 1.07 x 10-4 0.0350 1.85 x iO 2.82 x 10-5 9.07 x 10- 
3 0.0886 ± 7.27 x 10-4+  5.40 x 10-5+  3.26 x 10- 4+ 0.1533 ± 4.91 x 
10- 4 +- 6.31 x 10-5+-  2.96 x 10-4+ 
0.0205 1.39 x 10-4 8.90 x 10-6 8.15 x 10-5 0.0360 1.33 x 
10-4 2.07 x 10-5 6.93 x 10- 
4 0.0134 ± 9.43 x 10- 5+ 8.24 x 10-6+  4.87 x 10- 5+ 0.1478 ± 3.54 x 
10-4+-  4.06 x 10- 5 +- 2.29 x 10-4+ 
0.0026 1.07 x 10- 1.39 x 10-6 1.09 x 10-5 0.0206 5.42 x 10 1.10 x 
10-5 4.43 x 1O- 
W5 	1 0.4556 ± 5.72 x 10- 3+ 4.89 x 10- 4+ 2.77 x 10- 3+ 0.1352 ± 1.07 x 10- 
3+ 1.42 x 10- 4 +- 6.14 x 10- 4+ 
0.0376 4.24 x iO 4.74 x iO 2.73 x 10-4 0.0167 1.25 x 
10-4 1.83 x 10-5 9.15 x l0 - 
2 0.3142 ± 3.30 x 10- 3+ 2.59 x iO- ± 1.23 x 10-3+ 0.2018 ± 9.85 x 10- ± 1.18 x 10- ± 5.53 
x 10-4+ 
0.0296 3.23 x 10-4 3.76 x 10- 9.41 x 10-5 0.0339 1.68 x 10- 2.16 x 
10-5 7.95 x 10- 
3 0.1657 ± 1.42 x 10-3+  1.06 x 10-4+  5.67 x 10-4 +- 0.2077 ± 7.18 x 
10-4+-  8.31 x 10- ± 4.26 x 10- 4+ 
0.0237 2.35 x 10 2.11 x 10-5 9.81 x 10-5 0.0395 1.22 x 10- 1.58 x 10-5 6.48 
x 10-5 
4* 0.0846 ± 6.11 x 10- 4+ 5.14 x 10-5+  3.12 x 10- 4 +- 0.4458 ± 9.73 x 
10- 4 +- 8.91 x 10- 5 -+ 5.93 x 10- 4+ 
0.0253 1.47 x 10 1.39 x 10-5 1.05 x 10-4 0.0655 1.45 x 10-4 1.31 x 
10-5 6.01 x iO- 

















0.2739 ± 3.50 x 10-3+  3.10 x 10-4+  1.89 x 10-3+ 0.0746 ± 6.39 x 10-4+  8.12 x 10- 5+ 4.16 x 10-4+ 
0.0624 9.33 x 10 7.24 x iO 4.08 x 10-4 0.0161 1.63 x iO 1.76 x 
10-5 1.14 x 10-4 
0.2416 ± 2.61 x 10-3+  1.92 x 10- 4+ 8.99 x 10 - 4 + 0.1276 ± 6.09 x 10- 4+ 6.97 x 10 -5+ 4.02 x 10-4+ 
0.0477 6.34 x 104 5.15 x iO 1.27 x 10 0.0287 1.35 x iO 1.43 x 
10-5 9.66 x 10- 
0.1664± 1.66x10-3 ± 1.24x10 4 ± 5.24x10± 0.1521± 5.69x10 4 ± 6.84x10-5 ± 3.29x10-4 ± 
0.0451 4.54 x 104  3.98 x 10- 1.15 x 10-4 0.0416 1.53 x 10 2.14 x 10- 7.86 x 
10-5 
0.1045 ± 7.91 x 10-4+-  6.38 x 10- 5+ 3.53 x 10 -4 +- 0.4915 ± 1.05 x 10 -3+ 9.95 x 10- 5 +- 6.92 x 10-4+ 
0.0277 1.83 x 104 1.59 x 10-5 9.48 x 10-5 0.148 3.64 x 10 3.07 x iO 1.67 x 10 
0.2083 ± 2.43 x 10 -3 +- 2.17 x 10-4+  1.54 x 10 -3+ 0.0540 ± 4.40 x 10-4  +- 5.86 x 10- ± 2.80 x 10- 
4+ 
0.0511 6.14 x 10-4 4.47 x 10- 3.95 x 10-4 0.0112 1.04 x 10-4 1.26 x 
10-5 6.46 x 10-5 
0.2287 ± 2.39 x 10-3+  1.86 x 10-4+  9.96 x 10- 4 +- 0.1015 ± 5.31 x 10-4+-  6.59 x 10- 5+ 3.12 x 10-4+ 
0.0415 4.22 x 10 3.42 x 10-5 1.80 x 10-a 0.0183 9.53 x 10-5 1.12 x 
10-5 5.91 x 1O- 
0.1932 ± 1.70 x 10-3+  1.27 x 10-4+  6.64 x 10-4 +- 0.139 ± 5.07 x 10-4+-  5.86 x 10-5+-  2.91 x 10-4+ 
0.0376 2.96 x iO 2.20 x 10-5 1.35 x 10-4 0.0322 1.01 x 10 1.21 x 10-5 5.69 x 10-5 
0.1838 ± 1.55 x 10- 3+ 1.20 x 10- 4+ 6.73 x 10-4 +- 0.6187 ± 1.43 x 10- 3+ 1.47 x 10- 4+ 9.22 x 10- 
4+ 
0.0567 4.86 x 10 3.86 x iO 2.23 x 10- 0.1294 2.76 x iO 3.03 x 
10-5 1.74 x i0- 
0.1615 ± 1.84 x 10-3+  1.75 x 10- 4+ 1.22 x 10- 3+ 0.0409 ± 3.59 x 10- 4 +- 4.72 x 10- 5 +- 2.24 x 10-4+ 
0.0462 4.84 x 104 4.33 x 10-5 3.46 x 10-4 0.0105 8.93 x 10-5 1.18 x 10 -5 5.99 x 1O- 
0.1674 ± 1.73 x 10-3+  1.43 x 10- ± 7.42 x 104 ± 0.0747 ± 4.04 x 10- 4 +- 5.15 x iO- ± 2.49 x iO- ± 
0.0427 4.31 x 10 3.55 x 10-5 1.90 x 10- 0.0196 1.17 x 10- 1.53 x 10-5 6.78 x 10- 
0.1143± 9.19x 10-4 ± 7.57x10-5 ± 3.99x 10± 0.0872± 3.51 x 10-4 ± 3.98x 10± 2.15x 10-4 ± 
0.0287 2.29 x 10' 1.96 x iO 9.80 x 10- 0.0227 9.26 x 10-5 1.09 x 
10-5 5.90 x 10-5 
0.1587 ± 1.39 x 10- 3+ 1.05 x 10-4+  5.68 x 10-4 +- 0.5559 ± 1.25 x 10-3+ 1.46 x 10- 4+ 8.07 x 10-4+ 
0.0297 3.24 x 10 -4 2.52 x 10-5 1.63 x 10 0.1620 3.85 x 10-4 5.12 x 10-5 2.03 x 10-4 
0.0629 ± 7.90 x 10-4+  8.10 x 10- 5 +- 4.89 x 10-4 +- 0.0185 ± 1.79 x 10-4+-  2.54 x 10- 5+ 1.01 x 10- 4+ 
0.0223 3.09 x 104 3.25 x 10-5 1.44 x 10-4 0.0089 1.03 x 10 1.57 x 
10-5 6.17 x 10 
0.1121± 9.16x10-4 ±7.52x10-5 ± 5.11x104 ± 0.0515± 2.94x10 4 ± 3.61x10-5 ± 1.65x10 -4 ± 
0.0427 3.06 x 104 2.46 x 10-5 1.40 x 10-4 0.0289 1.65 x 10-4 2.03 x 
10-5 9.32 x iO 
0.0845 ± 7.54 x 10-4+-  5.80 x 10-5+-  3.18 x 10-4 +- 0.06 ± 2.20 x 10-4+-  2.67 x 10- 5+ 1.33 x 10-4+ 
0.0208 2.02 x 104 1.54 x 10-5 8.04 x 10- 0.0244 8.65 x 10-5 1.00 x 
10-5 4.46 x 10-5 
0.1159 ± 9.58 x 10-4+-  7.75 x 10- 5 +- 4.34 x 10 -4 +- 0.4409 ± 7.91 x 10-4+-  7.53 x 10-5-+  6.15 x 10-4+ 
0.0317 2.49 x 10-4 2.07 x 10-5 1.31 x 10-4 0.1594 2.20 x 10-4 1.83 x 10 - 1.58 x iO- 
U, 
Table 3.9.3 	Cont'd. 
W10 	1 0.0653 ± 7.23 x 10-4+ 6.96 x 10- 5+ 4.69 x iO - ± 0.0161 ± 1.29 x 10-4+ 1.62 x 10- 5+ 6.47 x 10- 
5+ 
0.0135 1.52 x 10 1.12 x iO 1.34 x 10 0.0026 2.10 x 10-5 2.31 x 10-6 6.50 x 10-6 
2 0.0784 ± 7.28 x 10- 4 +- 5.86 x 10- 5 +- 3.50 x 10- 4 +- 0.0313 ± 1.63 x 10- 4 +- 2.08 x 10 -5 +- 8.07 x 10 -5+ 
0.0126 9.49 x 10 6.04 x iO 7.35 x 10 0.0071 3.32 x 10-5 4.91 x 10-6 1.54 x 10- 
3 0.062 ± 5.00 x 10- 4+ 4.12 x 10- 5+ 2.26 x 10 - 4 + 0.042 ± 1.79 x 10-4+ 2.17 x 10- 5 +- 8.82 x 
10-5+ 
0.0158 1.61 x 10-4 1.26 x 10-5 6.27 x 10-5 0.008 3.07 x 10-5 3.60 x 10-6 9.22 x 10-6 
4* 0.0753 ± 5.58 x 10- 4 +- 4.21 x 10- ± 2.93 x 10 -4 +- 0.3273 ± 6.69 x 10-4+- 7.52 x 10- 5 +- 4.51 x 10-4+ 
0.0252 1.75 x 104 1.21 x 10-5 1.07 x 10-4 0.0523 9.58 x iO 5.55 x 10-6 1.05 x iO 
Wil 	1 0.0566 ± 5.41 x 10 -4+ 5.15 x iO 	± 2.94 x 10-4 + 0.0184 ± 1.49 x 10- 4+ 1.85 x 10- 5+ 6.56 x 10- 
5+ 
0.0362 3.43 x 10-4 3.23 x 10-5 1.39 x 10-4 0.0136 1.10 x 10-4 1.36 x iO 4.68 x 10 
2 0.0673 ± 7.51 x 10-4+- 5.33 x 10-5+- 2.50 x 10-4 +- 0.0384 ± 2.01 x 10-4+-  2.37 x 10- 5+ 1.01 x 10- 4+ 
0.0389 4.80 x 10-4  3.15 x 10-5 7.99 x 10-5 0.0284 1.42 x 10-4 1.67 x 10-5 6.86 x 10- 
3 0.0525 ± 5.60 x 10- 4 +- 4.47 x 10-5+ 1.80 x 10-4 + 0.0457 ± 1.89 x 10-4+- 2.33 x 10-5+  9.57 x 10- 5+ 
0.0318 3.82 x 10-4 2.99 x 10-5 7.04 x 10-5 0.0342 1.33 x 10-4 1.68 x 
10-5 6.62 x 10-5 
4* 0.0443 ± 4.22 x 10-4+ 3.47 x 10- 5+ 1.56 x 10- 4 + 0.4024 ± 8.97 x 10- 4 +- 8.52 x 10- ± 4.87 x 10-4 ± 
0.0078 7.55 x iO 8.57 x 10-6 1.22 x 10-5 0.2599 5.21 x 10-4 4.98 x 10 - 2.18 x 
10-4 
W12 	1 0.0351 4.17 x 10-4 4.56 x 10-5 2.98 x 10-4 0.0076 8.41 x 10-5 1.14 x 
10-5 4.70 x 10- 
2 0.0461 4.56 x 10-4  4.15 x 10-5 2.58 x 10-4 0.0167 1.27 x 10-4 1.67 x 10 -5 6.36 x 10- 
3 0.0366 3.70 x 10-4 2.56 x 10-5 1.47 x 10-4 0.0212 1.21 x 10-4 1.48 x 
10-5 6.35 x 10- 
4* 0.0591 5.37 x 10 -4 4.13 x 10-5 2.07 x 10-4 0.3325 1.06 x 10-3 9.98 x 10-5 6.98 x iO- 
* Four-year-old needles and more 
WWI = Whorl leaf biomass; Ni = Whorl leaf nitrogen; Pi = Whorl leaf phosphorus; Kwi = Whorl leaf potassium; WWb = Whorl branch 




Stage 1 1 






Stage 2 1 






Nwi Nwb Pwl Pw, Kwi Kwb 
(x10 4) (x104) ( X 10-4) (x10 3 ) (x10) (x10 4) 
1.41 ± 0.88 ± 0.196 ± 0.374 ± 1.08 ± 0.188 ± 
0.142 0.021 0.026 0.044 0.099 0.02 
0.29 ± 0.071 ± 0.037 ± 0.141 ± 0.211 ± 0.058+ 
0.029 0.009 0.004 0.02 0.197 0.007 
0.05 ± 0.03 ± 0.006 ± 0.061 ± 0.036 ± 0.02 ± 
0.009 0.005 0.001 0.012 0.0007 0.003 
0.001 0.001 0.0002 0.002 0.001 0.0007 
N w 2.05 ± 0.196 
	
Pw 0.297 ±0.035 
	
K w 1.60±0.135 
20.20± 5.11± 
4.28 1.52 
6.25 ± 2.99 ± 
1.30 0.85 
2.31 ± 2.39 ± 
0.569 0.755 
0.325 ± 1.76 ± 
0.325 0.693 
Kw 41.90± 9.94 
WWI WWb 
(x 10-3) (x 10-3) 
11.40± 3.94± 
1.10 0.43 
2.85 ± 2.40 ± 
0.283 0.364 
0.565 ± 1.25 ± 
0.11 0.238 
0.02 0.04 
14.90 ± 7.60 ± 
1.30 1.00 
W22.50±2.3 

















2.37 ± 3.04 ± 
0.921 1.15 
4.45 ± 	12.70 ± 
0.842 2.84 
1.46 ± 6.79 ± 
0.273 1.44 




N w 88.40 ± 18.60 
	
P9.68 ±1.93 




Stage 3 1 






(x10 3 ) (x10 3 ) 




912.70 ± 962.20 ± 
169.80 24.35 







(x10 4) (x10 4) 
250.00 ± 52.80 ± 
33.00 9.12 






Pwi PWb Kwi KWb 
(xlft4) (x10 3 ) (x10) ( X 10-4) 
21.90± 78.80± 127.00± 32.50± 
2.91 12.90 18.00 5.99 
12.00 ± 5.67 ± 60.06 ± 27.30+ 
2.06 14.40 8.39 5.91 
6.18 ± 40.90 ± 31.60 ± 20.00+ 
1.17 11.30 5.80 4.39 
4.89 ± 72.90 ± 27.60 ± 4.65+ 
1.12 17.50 7.72 9.35 0' 
N w 750.00 ± 120.00 	Pw 69.10 ± 12.10 	W w 373.00±57 
Table 3.10.2 Mean crown dry mass and nutrient contents by whorl components age of stage 3. 




Inter- Inter-whorl components 
Whorl 
No. WI W11 WIb N1 P1 K1 
IW1 4.47 x 10-3 ± 3.20 x 10- 3+ 1.28 x 10- 3+ 4.23 x 10- ± 6.83 x 10-6+  3.75 x 10- 
5+ 
5.72 x 10-4 3.96 x 10-4 1.87 x 10 5.60 x 10-6 8.70 x iO 4.86 x 106 
1W2 2.15 x 10 	± 1.63 x 10 -3 + 5.15 x 10-4 ± 1.83 x 10 	± 2.85 
x 10-6+ 1 	x iO- ± 
2.22 x 10-4 1.53 x 10-4 7.58 x iO 2.00 x 10-6 2.90 x 10-7 1.65 x 10-6 
1W3 0.0149 ± 9.60 x 10- 3+ 5.28 x 10- 3+ 1.18 x 10-4+ 1.54 x 10- 5+ 9.79 x 10-5+ 
0.0033 2.19 x 10-3 1.17 x 10-3 2.32 x 10-5 2.49 x 10-6 2.06 x 10-5 
1W4 0.0019 ± 7.75 x 10-3 ± 4.10 x 10- 3+ 1.01 x 10- 4+ 1.41 x 10- 5+ 7.92 x 10- 
5+ 
0.0042 2.95 x 10-3 1.20 x iO 2.44 x 10-5 1.20 x 10-6 9.70 x 10-6 
OD 	IW1 0.0118 ± 8.83 x 10- 3+ 2.93 x 10- 3+ 1.68 x 10- 4+ 1.90 x 10 -5+ 8 	x iO 	± 
0.0036 2.56 x 10-3 1.06 x 10-3 5.13 x 10-5 6.46 x 10-6 3.03 x 10- 
1W2 0.0277 ± 0.0189 ± 8.80 x 10- 3+ 3.19 x 10-4±  3.45 x 10-5+ 1.50 x 10 4 ± 
0.0053 0.0032 2.42 x 10 -3 5.85 x 10-5 6.46 x 10-6 2.69 x 10- 
1W3 0.0289 ± 0.0198 ± 9.06 x 10- 3+ 3.39 x 10-4+  3.24 x 10-5+ 1.58 x 10-4+ 
0.0095 0.0061 3.45 x iO 1.22 x 10-4 9.51 x 10-6 5.48 x 10- 
1W4 0.0412 ± 0.0262 ± 0.0150 ± 4.36 x 10- ± 4.46 x 10- 5+ 2.03 x 10 - 	± 
0.0094 0.0055 0.0040 9.49 x iO 1.04 x iO 4.09 x iO 
1W5 0.0393 ± 0.0220 ± 0.0174 ± 3.19 x 10-4± 4.02 x 10- 5+ 1.97 x 10- 4+ 





W1 = inter-whorl biomass; W = inter-whorl leaf biomass; WIb = inter-whorl branch biomass; N1 = inter-whorl nitrogen; P1 = inter-whorl 
phosphorus; K1 = inter-whorl potassium 
Inter- Inter-whorl components 
Whorl 
No. WI W11 WIb N1 P1 K1 
IW1 0.0492 ± 0.0350 ± 0.0142 ± 5.72 x 10- 4+ 5.76 x 10- 5+ 3.09 x 10- 4+ 
0.0110 0.0089 0.0034 1.19 x 10-4 1.44 x iO 1.00 x iO 
1W2 0.1003 ± 0.0709 ± 0.0292 ± 1.07 x 10-3+  1.01 x 10-4+ 4.86 x 
10-4+ 
0.0187 0.0123 0.0078 1.63 x 10-4 1.80 x 10-5 9.40 x 10-5 
1W3 0.1171± 0.0747± 0.0424± 1.07x10-3 ± 
1.01x10-4 ± 4.56x10± 
0.0494 0.0257 0.0237 4.27 x 10-4 4•59 x 10- 1.47 x 10- 
1W4 0.1695 ± 0.1168 ± 0.0527 ± 1.50 x 10- 3+ 1.32 x 10-4+  6.69 x 10-4+ 
0.0303 0.0196 0.0122 2.42 x 10- 2.37 x iO 1.24 x 10- 
1W5 0.3581 ± 0.1874 ± 0.1707 ± 2.62 x 10-3+ 2.57 x 10-4+ 1.19 
x 10- 3+ 
0.1761 0.0738 0.1045 1.24 x 10- 1.35 x 10-4 4.86 x 10- 
1W6 0.1937 ± 0.0982 ± 0.0955 ± 1.35 x 10- 3+ 1.20 x 10- 4+ 6.93 x 10- 4+ 
0.1094 0.0542 0.0560 7.91 x 10-4 6.97 x 10- 4.68 x 10-4 







Table 3.11.2 Mean inter-whorl biomass and nutrient contents by components for stage 3. 
W1 = inter-whorl biomass; W11 = inter-whorl leaf biomass; WIb = inter-whorl branch biomass; N1 = inter-whorl nitrogen; P1 = inter-whorl 
phosphorus; K1 = inter-whorl potassium 
-3 
Table 3.12.1 Mean inter-whorl biomass and nutrient contents by inter-whorl component age, stage 1 age 4. 
Inter- Inter- Inter-whorl components (kg) 
whorl whorl W11 N11 P11 K11 WIb NIb Plb KIb 
No. Comp. (X 10-3) (X 10-5) (xlO-6) (x10 5 ) (x103) (x 10-6) (x 10-6) (x 10-6) 
age 
IW1 1 3.20 ± 3.65 ± 5.66 ± 3.18 ± 1.28 ± 5.79 ± 1.16 ± 5.75 ± 
0.396 0.475 0.710 0.405 0.187 1.07 0.190 1.00 
1W2 1 1.02 ± 1.12 ± 1.69 ± 1.00 ± 0.23 ± 0.87 ± 0.21 ± 0.92+ 
0.118 0.143 0.20 0.118 0.0385 0.12 0.03 0.13 
2 0.610 ± 0.524 ± 0.720 ± 0.466 ± 0.285 ± 0.89 ± 0.20 ± 0.73+ 
0.044 0.047 0.05 0.034 0.0393 0.12 0.02 0.11 
1W3 1 6.27 ± 6.83 ± 8.66 ± 5.88 ± 1.53 ± 7.82 ± 1.44± 8.04 ± 
1.52 1.35 1.47 1.35 0.348 2.00 0.33 2.04 
2 1.98 ± 1.93 ± 2.25 ± 1.44 ± 1.19 ± 3.96 ± 0.73 ± 3.42 ± 
0.265 0.268 0.25 0.169 0.165 0.63 0.12 0.56 
3 1.36 ± 1.02 ± 1.02 ± 0.771 ± 2.56 ± 8.46 ± 1.23 ± 5.57 ± 
0.49 0.338 0.260 0.236 0.731 2.86 0.32 1.62 
1W4 1 4.90 ± 5.87 ± 7.85 ± 4.23 ± 1.25 ± 5.05 ± 1.00 ± 7.35 ± 
2.00 1.52 1.15 0.46 0.45 1.05 0.10 1.15 
2 1.30 ± 1.39 ± 1.85 ± 1.06 ± 0.75 ± 2.75 ± 0.45 ± 2.80 ± 
0.40 0.19 0.15 0.08 0.35 0.95 0.05 0.80 
3 1.05 ± 1.04 ± 1.40 ± 0.82 ± 1.40 ± 3.85 ± 0.85 ± 3.45 ± 
0.05 0.07 0.30 0.13 0.30 0.25 0.35 0.75 
4 1.00 0.83 0.90 0.57 1.40 4.20 0.60 3.10 
W11 = inter-whorl leaf biomass; N11 = inter-whorl leaf nitrogen; P11 = inter-whorl leaf phosphorus; K11 = inter-whorl leaf potassium; Wib 
inter-whorl branch biomass; Nib = inter-whorl branch nitrogen; plb = inter-whorl branch phophorus; KIb = inter-whorl branch potassium. 
Table 3.12.2 Mean inter-whorl biomass and nutrient contents by inter-whorl component age, stage 2 age 8. 
For abbreviations of inter-whorl components, see Table 3.11.1. 
Inter- Inter- Inter-whorl components (kg) 
whorl whorl W1 1 N11 P1 1 K11 WIb Nib Plb KIb 
No. Comp. ( X 10-3) ( X 10-5) (xlO-6) ( X 10-5) ( X 10-3) ( X 10-6) ( X 10-6) (X 10-6) 
age 
IW1 1 8.83 ± 14.40 ± 14.60 ± 6.35 ± 2.93 ± 23.50 ± 4.45 ± 17.30 ± 
2.56 4.16 4.66 2.23 1.06 9.97 1.85 8.15 
1W2 1 11.20 ± 17.40 ± 17.50 ± 7.71 ± 2.75 ± 16.90 ± 3.30 ± 12.30+ 
2.10 3.24 3.56 1.44 0.682 4.15 0.83 2.98 
2 7.79 ± 9.94 ± 8.77 ± 4.09 ± 6.05 ± 28.60 ± 4.90 ± 19.30 ± 
1.29 1.74 1.43 0.741 2.15 10.50 1.93 6.67 
1W3 1 9.46 ± 16.20 ± 14.20 ± 7.23 ± 2.06 ± 12.70 ± 2.20 ± 11.40+ 
3.19 6.39 4.47 2.54 0.797 4.67 0.790 4.88 
2 6.68 ± 9.41 ± 7.66 ± 3.69 ± 2.94 ± 11.20 ± 2.10 ± 10.60+ 
1.96 3.17 1.84 1.13 1.03 3.76 0.73 4.65 
3 3.66 ± 4.63 ± 4.02 ± 1.85 ± 4.06 ± 12.30 ± 2.21 ± 8.58 
1.00 1.36 1.00 1.64 5.67 0.97 4.56 
1W4 1 10.70 ± 17.10 ± 16.20 ± 7.73 ± 2.23 ± 1.10 ± 2.31 ± 0.987 
2.80 4.13 4.39 1.90 0.639 0.266 0.63 0.227 
2 8.12 ± 12.30 ± 10.80 ± 4.69 ± 3.41 ± 1.39 ± 2.50 ± 1.22 ± 
1.61 3.27 2.56 1.02 0.867 0.311 0.59 0.277 
3 5.27 ± 6.71 ± 5.76 ± 2.57 ± 5.22 ± 1.58 ± 3.11 ± 1.27 ± 
1.05 1.28 1.18 0.461 1.49 0.37 0.87 0.338 
1W5 1 9.00 ± 11.00 ± 14.40 ± 7.90 ± 2.80 ± 1.92 ± 3.00 ± 1.52 ± 
4.30 4.95 5.50 3.81 1.90 1.56 2.20 1.26 
2 5.30 ± 6.24 ± 6.55 ± 3.39 ± 3.05 ± 1.18 ± 1.90 ± 0.985+ 
1.70 1.67 1.15 1.30 2.05 0.81 1.20 0.795 
3 4.20 ± 4.63 ± 4.95 ± 2.24 ± 4.15 ± 1.19 ± 2.15 ± 0.99 ± 
1.00 1.05 0.75 0.83 2.15 0.83 0.95 0.77 
4 3.54 ± 3.49 ± 4.00 ± 1.52 ± 7.35 ± 2.23 ± 3.20 ± 1.14 ± 
1.15 0.975 1.50 0.32 1.75 1.50 0.40 0.685 
N) 
Table 3.12.3 Mean inter-whorl biomass and nutrient contents by inter-whorl component age, stage 3 age 12. 
For abbreviations of inter-whorl components, see Table 3.11. 1. 
Inter- Inter- Inter-whorl components (kg) 
whorl whorl W1 1 N 11 P11 K11 WIb NIb Kib No. Comp. (x10 3 ) ( X 10-5) (x10 6) (X 10-5) (xlft3 ) (x10 6) (x10 6) (X 10-6) 
age 
IW1 1 35.00 ± 47.50 ± 43.90 ± 24.20 ± 14.20 ± 9.67 ± 13.60 ± 6.69 ± 
8.90 10.30 12.10 8.56 3.40 1.91 2.90 1.92 1W2 1 51.00 ± 67.70 ± 60.00 ± 30.20 ± 14.90 ± 10.90 ± 15.00 ± 6.44 ± 
9.60 11.40 11.70 6.42 4.40 3.70 5.37 1.82 2 19.90 ± 21.30 ± 17.20 ± 8.14 ± 14.50 ± 6.96 ± 8.38 ± 3.74+ 
2.90 2.22 1.83 1.21 3.50 1.57 1.95 0.757 1W3 1 37.00 ± 43.60 ± 40.60 ± 19.30 ± 10.90 ± 8.64 ± 11.30 ± 3.98 ± 
17.80 19.30 19.70 7.01 6.50 5.48 7.28 2.32 2 27.70 ± 31.30 ± 24.90 ± 11.40 ± 17.60 ± 8.78 ± 11.30 ± 4.37 ± 
7.80 9.65 8.36 2.59 10.40 5.57 7.41 2.43 3 10.00 ± 9.39 ± 7.56 ± 3.83 ± 13.90 ± 5.17 ± 5.74 ± 2.65 ± 
2.30 2.19 1.68 0.859 6.90 2.34 2.72 1.01 1W4 1 44.20 ± 5.53 ± 4.89 ± 26.60 ± 10.00 ± 7.47 ± 9.76 ± 3.83 ± 11.30 1.53 1.25 5.66 3.20 2.29 3.16 1.28 2 35.60 ± 3.59 ± 2.72 ± 14.20 ± 13.90 ± 7.32 ± 8.30 ± 3.83 ± 
7.30 0.604 0.425 2.97 3.90 1.92 2.09 1.08 3 27.20 ± 2.62 ± 2.00 ± 9.39 ± 14.80 ± 5.39 ± 5.92 ± 2.98 ± 
4.60 0.386 0.289 1.83 2.90 0.781 1.15 0.514 4 9.90 ± 0.783 ± 0.640 ± 3.54 ± 14.00 ± 4.72 ± 5.12 ± 2.53 ± 





1W5 	I 72.50 ± 9.28 ± 8.57 ± 
83.70 5.39 4.95 
2 54.30 ± 4.95 ± 4.17 ± 
22.60 1.78 1.77 
3 37.30 ± 3.47 ± 2.74 ± 
11.50 1.16 1.08 
4* 23.20 ± 1.90 ± 1.50 ± 
4.50 0.329 0.27 
1W6 	1 21.90± 2.71± 2.66± 
12.80 1.72 1.71 
2 29.00 ± 2.76 ± 2.27 ± 
15.90 1.50 1.18 
3 24.90 ± 2.60 ± 1.75 ± 
14.90 1.71 1.04 
4* 22.50 ± 2.02 ± 1.37 ± 
12.40 1.17 0.73 
1W7 	1 8.00 0.054 0.04 
2 8.00 0.74 0.07 
3 1.30 0.083 0.06 
41.60 ± 23.50 ± 17.40 ± 24.80 ± 9.86+ 
19.10 15.60 11.70 17.30 6.60 
20.70± 37.30± 18.90± 25.10± 9.62± 
7.07 24.80 12.60 17.50 6.16 
12.20± 40.10± 13.10± 15.40± 7.59± 
3.19 26.10 8.26 10.50 4.61 
8.14± 69.80± 16.70± 21.40± 9.20± 
1.79 38.20 8.03 11.40 3.87 
16.20 ± 5.50 ± 4.61 ± 6.13 ± 2.87 ± 
11.80 3.10 3.06 4.17 2.24 
13.10 ± 14.50 ± 7.84 ± 9.03 ± 4.49+ 
8.67 8.50 4.85 5.84 3.83 
8.86 ± 18.60 ± 6.95 ± 8.65 ± 4.53+ 
5.79 10.40 3.97 5.14 3.16 
7.88 ± 57.00 ± 14.30 ± 16.10 ± 10.90+ 
4.49 34.20 8.31 10.20 7.29 
0.41 0.50 0.30 0.30 0.09 
0.26 0.30 0.18 0.20 0.04 
0.48 2.70 0.86 0.80 0.32 
* Four-year-old needles and more 
Table 3.13.1 Mean crown dry mass and nutrient contents by inter-whorl components age of stages 1 and 2. 
Inter-whorl components 
N11 NIb 'iii Plb K11 KIb 
(x104) (x 10-4) (x 10-5) (x 10-5) (x10 5 ) (x10 5) 
1.22 ± 0.15 ± 1.68 ± 0.29 ± 10.50 ± 11.55 ± 
0.151 0.025 0.174 0.041 1.41 0.253 
0.259 ± 0.051 ± 0.317 ± 0.099 ± 2.01 ± 0.443+ 
0.03 0.007 0.028 0.012 0.188 0.065 
0.112 ± 0.088 ± 0.116 ± 0.131 ± 0.854 ± 0.593+ 
0.034 0.029 0.029 0.032 0.243 0.164 




























WI 22.7 ± 3.60 
40.90± 10.30± 
7.20 2.20 
22.80 ± 12.70 ± 
3.90 3.00 
9.24 ± 9.59 ± 
2.08 2.76 
2.58 ± 5.17 ± 
0.828 1.56 
75.60 ± 37.70 ± 
13.40 8.30 
W1 113.30 ± 21.60 
N1 1.89±0.254 








N1 12.80 ± 2.43 
P1 2.65 ± 0.283 
6.38± 1.26± 
1.14 0.295 




0.265 ± 0.228 ± 
0.103 0.068 
P1 13.40± 2.38  
K1 16.0± 2.18 
29.80± 5.30± 
5.83 1.49 
12.70 ± 4.28 ± 
2.20 1.07 
4.61 ± 2.21 ± 
0.987 0.744 
1.23 ± 0.933 ± 
0.362 0.287 
K1 61.10± 11.90 
Table 3.13.2 Mean crown dry mass and nutrient contents by inter-whorl components age of stage 3. 
Inter-whorl components 
W11 WIb N11 NIb 'iii Plb K11 Kib 
(X 10-3) (x 10-3) (x 104) (xlO 4) (x 10-5) (x10 5 ) (x 10-5) (x 10-5) 
257.40 ± 78.00 ± 32.90 ± 5.79 ± 30.00 ± 7.95 ± 0.155 ± 33.10+ 
73.30 31.70 9.49 2.34 8.96 3.37 35.30 12.40 
160.80 ± 94.90 ± 16.00 ± 4.83 ± 12.90 ± 6.04 ± 65.00 ± 25.60 ± 
39.30 43.30 3.35 2.18 3.22 2.88 13.70 9.97 
94.60 ± 84.20 ± 9.12 ± 2.93 ± 6.91 ± 3.41 ± 32.60 ± 16.90 ± 
22.50 38.00 2.32 1.20 1.70 1.53 7.81 6.54 
51.10 ± 129.40 ± 4.30 ± 3.29 ± 3.23 ± 3.93 ± 18.00 ± 20.40 ± 
14.50 50.10 1.29 1.13 0.829 1.44 5.30 7.46 
564.00 ± 386.50 ± 
128.70 158.30 













3.3.3 Leader biomass 
The mean leader dry mass by component and its corresponding N, F, K nutrient 
contents are shown in Table 3.14. The needles a ccount for 34.9 % of the leader mass 
in stage 1, 22.0 % in stage 2, and 19.4 % in stage 3. The length of the leader increased 
from 0.28 m at age 4 years to 0.51 m at age 12 years (Fig3.14). 
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Table 3.14 Leader characteristics for the three stages 
Leader Stage 1 Leader Stage 2 Leader Stage 3 Leader 
Characteristics 4 years 8 years 12 years 
(x10-) (x10 5) (x10 5) 
Length (m) 28000.00 ± 2000 47000.00 ± 4000 51000.00 ± 11000 
Mid-diameter (cm) 45000.00 ± 2000 75000.00 ± 6000 152000.00 ± 8000 
WL1 (kg) 141.00 ± 16.1 322.00 ± 33.10 84.60 ± 20.50 
NU (kg) 1.64 ± 0.204 4.29 ± 0.394 8.53 ± 2.04 
L1 (kg) 0.229 ± 0.028 0.562 ± 0.082 0.868 ± 0.223 
KLI (kg) 1.52 ± 0.191 3.09 ± 0.457 6.81 ± 1.85 
WLg  (kg) 264.00 ± 39.70 1140.00 ± 210.00 3520.00 ± 870.00 
NLb (kg) 1.37 ± 0.206 6.96 ± 1.36 23.40 ± 5.20 
'Lb (kg) 0.269 ± 0.04 1.35 ± 0.183 4.10 ± 0.947 
KLb (kg) 1.38 ± 0.218 6.30 ± 1.28 24.70 ± 6.62 
WL (kg) 404.00 ± 55.00 1460.00 ± 230.00 4370.00 ± 1060.00 
N(kg) 3.01±0.399 11.30±1.57 31.90±7.21 
L (kg) 0.499 ± 0.067 1.92 ± 0.242 4.96 ± 1.16 
K(kg) 2.91±0.393 9.38± 1.61 31.50±8.45 
WLI = leader leaf dry mass; NLI 	leader leaf nitrogen; PLI = leader leaf phosphorus; KLI = leader leaf potassium; WLb = leader branch dry 
mass; NLb = leader branch nitrogen; PLb = leader branch phosphorus; KU, = leader branch potassium; WL = leader dry mass; NL = leader 
nitrogen; PL=  leader phosphorus; KL = leader potassium. 
CHAPTER 4 
MODELLING THE PRODUCTIVITY OF YOUNG 
SITKA SPRUCE STANDS UP TO CANOPY CLOSURE 
4.1 Introduction 
The structure of the canopy largely determines the distinct variation found in light 
interception, photosynthesis, respiration and transpiration especially with respect to leaf 
age and the position of leaves within the tree crown (Woodman, 1971; Watts et al., 
1976; Leverenz et al., 1982; Beadle et al., 1985). The basic exchange processes within 
the tree canopy of light attenuation, dispersion of particles, recycling of nutrients and 
allocation of energy for photosynthesis and transpiration are all affected by the foliage 
distribution (Whitehead, 1978; Kellomaki et al., 1980; Massman, 1982). Thus, 
accurate determination of the spatial leaf area distribution within forest canopies is of a 
paramount importance for modelling ecophysiological processes and growth efficiency. 
Models provide a basic tool for understanding canopy structure in forest plantations 
and interpreting physiological behaviour of trees and tree-environment relationships. 
Transformed models are mathematical equivalents to the original models but they are 
not statistical equivalents for the least squares solution. This is characterized by a 
unique set of parameter estimates that are only approximations (Crow et al., 1960; Zar, 
1968). Thus, comparisons of log-transformed parameters becomes a risky operation 
and is minimized in this study. However, with the advent of powerful computing 
facilities, non-linear least square techniques, which involve iterations and trial and error 
convergence on the best parameter estimates, are quite feasible and do not suffer from 
lack of statistical optimization (Hartley, 1961a & b; Marquardt, 1963; Glass, 1967; 
Jennrich and Sampson, 1968; Gallant, 1975). 
Studies on leaf area distribution through a forest canopy have been made for a 
number of tree species, including red pine (Pinus resinosa) (Stephen, 1969), (Pinus 
taeda) (Kinerson etal., 1974), Sitka spruce (Picea sitchensis) (Norman and Jarvis, 
1974; Whitehead et at., 1984), Scots pine (Pinus sylvestris ) ( Whitehead, 1978; 
Kellomaki et al., 1980; Beadle et al., 1982; Haildin, 1985), (Pinus conrorta ) 
(Whitehead et al., 1984), Douglas-fir (Pseudorsuga menziesii ), sugar pine (Pinus 
ri 
lambertjana ) (Massman, 1982), and Japanese cypress (Chamaecyparis obrusa ) 
(Hagihara and Hozumi, 1986). 
The major structural properties of the Sitka spruce tree crown are defined by the 
total amount of foliage and its spatial distribution within the tree crown. The dry weight 
and area of foliage must be known separately at each point of the canopy to describe the 
distribution because of the change in specific leaf area with increasing depth in the 
canopy (Lewandowska and Jarvis, 1977; Hager and Sterba, 1985; Borghetti et al., 
1986). Previously, the normal curve has been used frequently to approximate the 
vertical distribution of foliage in canopies (Ford and Newbould, 1971; Kinerson et al., 
1974; Watts et al., 1976; Whitehead, 1978; Beadle et al., 1982; Borghetti et al., 1986), 
but other models of the foliage distribution as a function of height have been used. 
Perrier (1970) and Harrington (1979) both used a chi-square distribution for a number 
of different plant canopies. Kinerson and Fritschen (1971) used several triangular 
functions for naturally regenerated Douglas-fir stands and Hsia (1979) matched two 
separate parabolic curves for young Douglas-fir. Massman (1982) found that the beta 
and chi-square distributions were the best fit for foliage distribution in Douglas-fir and 
sugar pine stands. More recently, a two dimensional approach to leaf area distribution 
within the tree crown for a number of tree species has been attempted (Karachi et al., 
1986; Koike, 1986; Wang et al., 1990). 
The relationship between foliage weight or area of individual trees and tree diameter 
or basal area when applied to the appropriate frequency distribution of tree sizes in a 
stand has been used to determine the total amount of foliage in the stand (Newbould, 
1967; Ovington et al., 1967; Albrektson, 1976; Brown, 1976; Gary, 1976; Miller et al., 
1976; Whitehead, 1978). Stem diameter squared at the base of the live crown (d 2) has 
been shown to give better estimates of foliage weight when data for several stands are 
combined but within a single stand (dc) and (d.b.h) are closely related (Shinozaki et al., 
1964a & b; Loomis et al., 1966; Madgwick, 1970). These methods produce good 
estimates of foliage area for the site and species studied but the regressions obtained are 
not usually suitable for other sites (Whitehead, 1978). The determination of other 
derived, morphometric variables such as leaf area ratio (LAR), specific leaf area (SLA), 
or leaf weight ratio (LWR), is necessary for more general parameterization of models of 
the photosynthetic production of plant stands (Kvet etal., 1971; Evans, 1972). 
Leaf area index (LAI) is the key variable that determines the rate of dry matter 
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production in closed stands. Accordingly, growth and development leads to high LAI 
values and better use of incoming solar radiation. Knowledge of the changes in LAI is 
fundamental to an understanding of growth characteristics, especially net assimilation 
rate (Watson, 1958). In crops, the maximum LAI can be regulated by stand density, 
fertilization and other treatments. In natural stands, both pure and mixed, LAI usually 
increases during the growing season, up to a certain level, depending on the water 
balance, nutrient availability, quantum flux density, and other environmental variables. 
Generally, with optimum LAI, the lowest leaves in the canopy should maintain a 
slightly positive carbon balance (Brougham, 1960; Donald, 1961; Kvet eral., 1971). 
The concept of a ceiling leaf area index above which productivity can be expected to 
diminish has long been recognized in agricultural crops but data from forests are more 
limited (Watson, 1958; Donald, 1961; Rees, 1963; Waring etal., 1978). Albrektson et 
al. (1977) established a linear relationship between LAI and above ground dry matter 
production in stands of spruce and pine at relatively low levels of LA.I (1 to 6), and a 
similar result was found in thinned stands of yellow poplar (Liriodendron rulipifera) 
(Madgwick and Olson, 1974). Waring etal. (1981) studied stem wood production in 
relation to different canopy densities in a Douglas-fir thinning experiment: they found 
that net stand volume increment reached a peak at LAT of 6 and that further increases in 
LAI were not associated with significant increases in yield because of the adverse effect 
of increasing canopy density on leaf efficiency (Satoo, 1971; Larson et al., 1976; 
Waring et al., 1981). With additional knowledge of how both foliage and essential 
chemical elements or structural properties are distributed in the canopy of stands on 
unfertilized soils, the essential structural relationships for a more biologically-based 
model of stand growth would be available. 
4.2 Leaf area index 
The leaf area index (LAI) of each plot and of all plots together at each stage are 
shown in Table 4.1. The LAI was calculated using the mean leaf area of the sampled 
trees (method 2) and from regression equations relating total leaf area to cross-sectional 
area, using the stand table approach (method 3.A) or every tree approximation (method 
3.B). The regressions obtained have then been applied to the appropriate frequency 
distribution of tree sizes in the stand to obtain the total amount of foliage in the canopy. 
For each plot, leaf area indices were calculated by totalling the foliage area of all trees in 
the plot. 
Table 4.1 Leaf area index (LAI) 
of the three stages using different methods. 
LAI 
Plot No. Method 2 Method 3.A Method 3.13 
Stage 1 1 0.04 0.04 
age  2 0.04 0.04 
3 0.04 0.05 0.05 
All 0.04 0.04 
OAM 0.04 0.04 
Stage 2 1 0.58 0.56 
age 8 2 0.74 0.73 
3 0.59 0.52 0.51 
All 0.61 0.60 
OAM 0.61 0.60 
Stage 3 1 4.30 4.24 
age 12 2 4.47 4.44 
3 5.02 3.73 3.72 
All 4.13 4.13 
OAM 4.17 4.13 
OAM = overall mean. 
There are no large differences in the LAI amongst plots at each stage, whether 
using method 2 or method 3.A or 3.13. The three methods gave exactly the same results 
for stage 1 and the variability of LAI between the plots is about 25 % (Table 4.1). The 
LAI estimated from the mean leaf area of the sampled trees for stage 2 was 
underestimated by 3.4 % and 1.7 % when compared to the overall mean of LAI derived 
from the relation of leaf area and cross-sectional area using the two approaches of 3.A 
and 3.13, respectively. The LAI derived from cross-sectional area regressions for each 
plot in stage 2 using the stand table approach 3.A was higher than the value obtained 
using the every tree approximation approach 3.13, and the variability between the plots 
was about 31 % (Table 4.1). The leaf area index estimated from the mean leaf area of 
the sampled trees for stage 3 was overestimated by 16.9 % and 17.7 % when compared 
to the overall mean of LAI derived from the relation of leaf area and cross-sectional area 
using the two approaches of 3.A and (3.13), respectively. The LAI derived from 
cross-sectional area regressions for each plot in stage 3 using the stand table approach 
3.A was higher than the value obtained using the every tree approximation approach 
3.B, and the variability between the plots was a bout 16.8 % (Table 4.1). 
The LAI of the three sites was taken from the relation of total leaf area to 
cross-sectional area using the stand table approach (method 3.A). Thus, the LAI 
increased from 0.04 at age 4 years to 0.61 at age 8 years and finally to 4.17 at age 12 
years. 
According to the pipe model theory of tree form developed by Shinozaki et al., 
(1964a & b), a linear relationship exists between the weight or area of foliage and the 
cross-sectional area of conducting tissue from the base of the live crown upwards. This 
is based on the idea that a unit amount of tree foliage is serviced by a specific 
cross-sectional area of conducting sapwood in the crown. This suggests that 
cross-sectional area of conducting tissue at the base of the live crown, rather than at 
breast height, should ideally be used. As an extension of this concept, canopy leaf area 
can be estimated from sapwood area at breast height, where diameter measurements are 
usually taken by foresters (Dixon, 1971; Grier and Waring, 1974; Waring etal., 1977; 
Whitehead, 1978; Rogers and Hinckley, 1979; Kaufmann and Troendle, 1981; Waring 
etal., 1982). 
Kaufmann and Troendle (198 1) found no differences in the quantity of leaf area 
maintained by a unit of conducting tissue from breast height upwards. On the other 
hand, Waring et al. (1982) reported significant differences between the two sampling 
positions in a range of coniferous species, and suggested that the crown base position 
gives better estimates of leaf area in large trees with a high proportion of clean bole 
between the base of the crown and breast height. Waring et al. (1982) considered the 
relationship between foliage area and sapwood area relatively constant within a species 
but differences in the slope of the relationship were found in different species, with a 
larger slope coefficient associated with shade-tolerant species in mild, moist climates. 
Whitehead and Jarvis (1981) showed that such differences may also exist within a 
species as a result of differences in canopy conductance and climatological variables. 
Some variation was also found in the slope coefficients of data from Scots pine stands 
planted in different climatic regions within Britain (Whitehead, 1978), and also with 
Scots pine in Sweden on a range of sites (Albrektson, 1980). 
A number of workers have found that leaf weight or area is more closely related to 
the logarithm of the diameter at the base of the live crown than to the logarithm of d.b.h 
or crown ratio (length of live crown / tree height). The last two variables when 
combined together tend to produce a better relationship with leaf area because the 
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product compensates for bole form, crown shape, and crown density (Storey et al., 
1955; Storey and Pong, 1957; Loomis et al., 1966). The idea of using diameter squared 
at the base of the live crown is analogous to that of using diameter squared at the base 
of each live branch recommended by Cummings (194 1) and employed by Rothacher et 
al. (1954) and Attiwill (1962). The work of the above mentioned authors supports the 
pipe model theory, which is essentially based on the cross-sectional area of conducting 
tissue (Shinozaki et al., 1964b). 
To this end, I have attempted to show a relationship between the cumulative leaf 
area for each needle age class from the top of each tree downward to the base of the 
crown and the related cross-sectional area of stem at the mid point of each internode. 
There were good linear relationships almost passing through the origin (Table 4.2). The 
coefficient of determination decreased with leaf age with a range of 0.62-0.94 for the 
three stages except for age-class 2 and 3 years in stage 1, for which the coefficient of 
determination had values of 0.48 and 0.38, respectively (Table 4.2). The coefficient of 
determination of the total cumulative leaf area when compared to the coefficient of 
determination of the regressions of total leaf area against basal area showed a better 
correlation (Table 4.2). Calculation of LAI according to the cumulative leaf area 
regression using the stand table approach gave higher estimates of 0.05, 1.07, and 5.94 
for the three stages, respectively (Table 4.2). 
However, inspection of the scatter diagrams (Fig 4.1) reveals some curvature in the 
relation between cumulative leaf area and mid-point cross-sectional area which is more 
apparent in stages 2 and 3 than in stage 1. The tendency towards a horizontal line at 
large mid-point cross-sectional area results from growth of the leafless stem in the 
dense stand. This supports the hypothesis of accelerated successive shedding of lower 
branches, to form a long branchless bole in dense stands, as a result of insufficient light 
in the lower horizons of the canopy (Shinozaki et al., 1964a & b). 
The trees sampled in this study showed good correlations between foliage area and 
cross-sectional area of the stem at the ground. Use of cross-sectional area at the 
mid-point of each internode through the crown suggests the importance of considering 
both diameter at the base of the live crown and d.b.h as the two sampling positions for 
leaf area determination in a forest stand. Either of the two measurements can serve as an 
overall basis for estimation of the foliage amount in any stands regardless of their age or 
site. Since the trees were very small (0.71-4.12 m ) compared to the tall trees (18-24 m) 
*1 
Table 4.2 Relation between cumulative leaf area and MPCSA by age-class compared to the regression of the 
relation between total leaf area and cross-sectional area. 
Stand Needle 
Character- 
istics age-class Equations LAI R 2 Sa S  
Stage 1 1 A = 0.0169 + 1376.39 BM  0.72 * 
age 4 2 A = 0.0036 + 248.68 B m 0.48 n. s. 
3 Ac0.0040+163.48Bm 0.39 n. s. *** 
All Ac0.0121+1828.11Bm 0.05 0.75 n. s. 
All A=0.0390+1464.83B 0.04 0.69 n. s. 
Stage 2 1 A = 0.1872 + 1488.43 BM  0.91 
age 2 Ac=O.0361+612.26B m 0.91 * 
3 A = -0.0360 + 309.27 BM  0.90 ** 
4 A = -0.0411 + 131.91 B m 0.85 *** 
All A = 0.1533 + 2534.60 B M  1.07 0.94 ** * 
All A = 0.3827 + 1282.43 B 0.61 0.92 n. s. 
Stage 3 1 A = 1.33 + 1018.65 Bm 0.88 age 12 2 Ac=0.1839+833.3OB m 0.94 n. s. 
3 A = -0.0520 + 498.36 B m 0.90 n. s. 
4 Ac = 0.1606 + 397.38 Bm 0.61 n. s. 
All Ac1.1745+2764Bm 5.94 0.93 * 
All A = 5.4879 + 1468.96 B 4.17 0.86 n. s. * 
A = cumulative leaf area; B m = mid-point cross-sectional area (MPCSA); A = total leaf area; B = cross-sectional area. 
Sa = significance of intercept; Sb = significance of slope. 
= p<0.0001; ** = p<O.00l; * = p<0.05; n.s. = not significant 
Fig 4.1 CLA VS MPCSA 
A1:4 YEARS, SIACE 
0.40 
• 35 
(N 0.30 o 0 	9 
E0 	
8 0 I 
0 







000 	1. iii I I I 
0.00000 	0 00105 	0 00010 	a 00015 	000020 
YPCSA 
• • . 	ONE TEAR 	is. 	110 TEARS 	* * a 100(0 TEATS I 
• FOUR TEARS o o 0 All 
CIA 	CUNULAIINE LEAF AREA 
IPCSA 	
1l 0- 	C O 
S5-SECIIOIAL AREA  
Fig 4.1 CLA VS MPCSA 




N 0  00 
E 
2 . 
4 	 00. 
0 00 
0 	AU. . 
I 	
I 
20000 	0 021-5 	0.0010 	0.0115 	00020 	0.0025 
JPCSA 
• 	TOE 	ORG TEARS 	* * * 100EE FEARS 
FOUR YEARS 	0 0 0 Alt 
CIA- CONALAIIRE LEAF AREA 
IPESA 	NID -P011i CROSS-SECIIONAI AREA 
Fig 4.1 CLA VS MPCSA 
ACE=12 YEARS, STACE 
011 
(NON 	 000 
0 
E 	 0 





0,  o 	• 	• 	. 	0 	••. 
it,
% 0.•po • •. 
I. #• * 
I 	 I 	 I 	I 	I 
I 1*0 0.002 0.004 0.000 0.008 0.010 0042 0.014 0.010 
UPCSA n2 
I... 	04(4004 	•.. 	1101EARS 	***I*81000ARSJ 
I • • 	FOUR TEARS a a a All 
CIA 	CANUIAIIIE LEAF AREA 
NPCSA 	III-PC 
117 
 CIO SS -SE CI100AI AREA 
encountered by Waring et al. (1982) and because of the linear relation between 
cross-sectional area of sapwood at breast height and the overbark basal area 
(Whitehead, 1978), the non-linearity of the regression between cumulative leaf area and 
mid-point cross-sectional area suggests that the degree of taper should be reported when 
measurements of sapwood are taken below the live crown and when larger trees are 
being sampled. 
4.3 Vertical distribution of leaf area 
Preliminary plots of leaf area against whorl height above the ground in the three 
stages suggest irregular distributions of leaf area (see Fig 4.2 for examples of stage 3). 
This can be attributed to the position of whorls on neighbouring trees and 
microenvironmental variability within the crown. Similar results have been obtained by 
a number of workers (Norman and Jarvis, 1974; Whitehead, 1978; Beadle et al., 1982; 
Borghetti et al., 1986). However, in stands a more uniform, unimodal distribution was 
found. 
4.3.1 	Normalization procedure 
For each tree, the leaf area of each age class of needles between a whorl and the one 
above was expressed per unit length of internode (1) and with respect to length of the 
live crown (L), and considered as the leaf area at the mid-point between the adjacent 
whorls. Internode length (1) was normalized with respect to crown length (L) and the 
leaf area within an internode with respect to the total leaf area of the live tree crown. The 
relative height at each mid-point distance was calculated. Thus the relative leaf area 
density of an internode is: 
Ar  =(a/A)x(L/l) 	 (4.1) 
and the actual leaf area density, 
Ad = Ar  x (A 1/L) (m2 m3) 	 (4.2) 
h = (h +h 1) / 2 	 (4.3) 
where 	Ar 	= relative leaf area density, 
a = leaf area of each age class, 
A 	= total leaf area of the tree, 
L = length of the live crown, 
1 	= length of internode, 
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Ad 	= actual leaf area density, 
A. = leaf area index, 
hm = mid-point height, 
hw  = height of a whorl from the ground, and 
h 1 = height of the next whorl above. 
4.3.2 Derivation of functions 
The leaf area density distribution describes the foliage surface area per unit volume 
of space at a given height above the ground. The vertical distribution of leaf area for the 
whole canopy was adequately described by a beta function, assuming a horizontally 
homogeneous Sitka spruce canopy. Accordingly, the normalized data for the three 
stages were fitted to the following beta function, using the SAS non-linear least squares 
procedure: 
Ad  = B  hB2(1.h)B3 A1/1 	 (4.4) 
where 	Ad 	= leaf area density, 
h = relative height (= hjh), 
hz 	= the height at any point above the ground, 
ht = total tree height, 
Ai 	= leaf area index, 
IC = the depth of the live canopy, and 
Bi, 132, B3 = parameters. 
The values of the parameters and the mean square errors (M-S) of the fitted 
functions for needles of different age classes and for all the needles together in each of 
the three stages are tabulated in Table 4.3, and the fitted functions are illustrated in Fig 
4.3. The height of maximum leaf area density of the different age classes decreases with 
the age of needles, but the relative height of the maximum of the leaf area density 
distribution for all needles together is shifted toward the bottom of the canopy. This is 
similar to a number of other coniferous canopies (Schulze et al., 1977; Beadle et al., 
1982; Borghetti et al., 1986). 
MR 
Table 4.3 Parameters of the vertical distributions of 
leaf area density of Sitka spruce canopies in the three stages 
Needle Bi B2 B3 n M.S 
age 
Stage 1 1 4.28 0.63 1.54 82 0.738 Age  2 1.19 0.52 1.79 62 0.101 Years 3 0.13 0.01 0.25 42 0.017 
All 6.31 0.58 1.71 82 1.321 
Stage 2 1 4.10 0.74 1.57 63 0.195 Age 8 2 4.37 0.98 2.83 53 0.062 Years 3 3.08 0.90 4.24 43 0.024 
4 0.09 -0.33 2.18 33 0.009 
All 7.66 0.63 1.96 63 0.615 
Stage 3 1 4.99 1.35 1.62 53 0.087 Age 12 2 3.34 0.99 1.95 48 0.059 Years 3 1.78 0.81 2.08 43 0.027 
4 1.53 0.57 2.75 38 0.037 
All 8.32 0.82 1.71 53 0.531 
Integration of equation (4.4) using a Fortran programme produced the cumulative 
LA! distribution by age class from the top to the bottom of the canopy (Fig 4.4). The 
contribution to LAI of the different needle age-class in the three stages is presented in 
Table 4.4. The one-year-old needles made up 71.8 % of the LA! in stage 1, 58.8 % in 
stage 2, and 38.1 % in stage 3. The contribution of one-year-old needles to the LA! of 
each stage decreased with the increasing age of the stands while the contribution of 2, 
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Table 4.4 Distribution of leaf area 
index (LAI) in the different age-classes 
for the three stages, bracketted values represent the 
percent distribution of each age class with respect to the total. 
Needle age class 
1 	2 	3 	4 	total 
Stage 1 0.0285 0.0071 0.0041 
Age  (71.8%) (17.9%) (10.3%) 
Years 
Stage 2 0.3589 0.1470 0.0685 
Age  (58.8%) (24.1%) (11.2%) 
Years 
Stage 3 1.5895 1.2037 0.7354 
Age 12 (38.1%) (28.9%) (17.6) 
Years 
4.4 Age class distribution of leaf area 
The three stages demonstrate chronological ageing of the trees while the properties 
of leaves of different ages at a given stage represent the needle age structure dynamics. 
The same pattern of leaf area distribution for each age class is evident at each stage with 
noticeable increases in the height of the maximum leaf area of each age class with 
increasing stand age. 
Coniferous trees have a very complex needle age structure: needles can remain on 
the tree for up to eight years in the case of Sitka spruce (Ford, 1982). The needle age 
structure can influence the light use efficiency of the canopy, and consequently the 
productivity of a tree stand (Monteith, 1977). If all needles within the canopy have 
identical physiological properties, the canopy photosynthetic rate is independent of the 
needle age structure within the canopy. Because the photosynthetic properties of 
needles vary with needle age, the spatial arrangement of needles of different age classes 
within the canopy may play an important role in the total photosynthetic rate of a tree 
crown (Norman and Jarvis, 1974). However, most of the photosynthesis of a Sitka 
spruce canopy is carried out by the current and one-year-old needle the majority of 
which are found towards the top of the canopy (Jarvis et al., 1976; Jarvis and 
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influenced by a number of variables, such as, shoot extension, needle growth on the 
shoot, needle longevity and litter fall, all of which can be affected by irrigation and 
fertilization (Madgwick, 1967; Cromer et al., 1984; Linder, 1984; Linder et al., 1987). 
4.5 Leaf nitrogen distribution 
In nearly all ecosystems, nitrogen availability limits plant growth and development. 
Generally plants respond to increased nitrogen availability with significant increases in 
plant nitrogen content (Osman and Milthorpe, 1971; Chapin, 1980; Gulmon and Chu, 
1981). In general, across many species, a positive correlation exists between plant 
nitrogen content, leaf growth and photosynthetic capacity (Natr, 1975; Mooney et al., 
1978; Bolton and Brown, 1980; Mooney et al., 1981; Field and Mooney, 1983; Hirose 
and Kitajima, 1986). This correlation seems to result from limitation to photosynthetic 
capacity by the activity of the primary carboxylating enzyme, RuBP carboxylase / 
oxygenase (Rubisco), which makes up the bulk (- 1/3 or more) of the total soluble 
protein in leaves (Medina, 1971; Ku etal., 1979; Wong, 1979; Wittenbach, 1979; 
Farquhar etal., 1980; Friedrich and Huffaker, 1980; Bjorkman, 1981; Evans, 1983; 
Van Keulen et al., 1989). 
Leaves on a single plant share a more or less common pool of below-ground 
resources but may experience different environments in relation to light availability. 
Mooney and Gulmon (1979) suggested that attenuation of light through the canopy 
leads to decrease in the level of photosynthetic enzymes because the nitrogen cost of 
further enzyme production would not be justified by the benefits. The idea follows that 
carbon gain for a whole canopy might be maximized when leaf nitrogen distribution 
follows the same pattern as photosynthetically active radiation (PAR), so that leaves in 
the microenvironments receiving the highest (PAR) would have the highest nitrogen 
content (Field, 1983; Hirose, 1984). Redistribution of leaf nitrogen when leaves 
senesce conserves nitrogen associated with uptake (Thomas and Stoddart, 1980). In 
natural environments, nitrogen is an important limiting factor for leaf growth and 
phototsynthesis and its efficient use is likely to have been selected for. The results of 
Mooney etal. (198 1) that nitrogen is redistributed more readily in annual species native 
to closed canopy habitats than in annuals of open habitats underlines the importance of 
selection for nitrogen conservation. 
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4.5.1 Vertical distribution of leaf nitrogen 
It has been cogently debated that the lower nitrogen contents of leaves deeper in the 
canopy is consistent with an optimum distribution of leaf nitrogen (Field, 1983; Hirose, 
1984; Hirose and Werger, 1987a & b). Field (1983) calculated the relative advantage of 
nitrogen redistribution to maximize whole canopy carbon gain in a Californian chaparral 
shrub (Lepechinia calycina) using three possible nitrogen distribution patterns: the 
optimal (when the rate of change of daily carbon gain with changing leaf nitrogen is the 
same), the actual, and the uniform distribution in which every leaf has a nitrogen 
concentration equal to the mean of the entire canopy. He found that the proportional 
differences in daily carbon gain among these three distribution patterns were quite small 
in the range of 1 to 3 %. In contrast, Hirose and Werger (1987b) studied the effects of 
different nitrogen allocation patterns on daily canopy photosynthesis of Solfdago 
altissima. They found that the actual distribution of leaf nitrogen was more uniform 
than the optimal one, but photosynthetic performance was 4.7 % less than that under 
the optimal distribution and 20 % more than with the uniform distribution. This 
indicates that the actual nitrogen distribution is very close to the predicted optimum. The 
difference was attributed to that part of the leaf nitrogen which was not retranslocatable 
in the real canopy. Since the amount of available nitrogen is limited, high nitrogen 
concentrations in the upper layers were realized through retranslocation from the lower 
layers. For the optimal distribution, this retranslocation would reduce the nitrogen 
concentration of the leaves in the lowermost layer far below the lowest nitrogen 
concentration actually observed in living leaves in the canopy. Thus, the optimum 
nitrogen distribution could not mimic that in the actual leaf canopy. Because it is not 
possible to separate light and nitrogen effects on carbon gain in the field, acclimation to 
low irradiance in a dense stand becomes the key factor in understanding optimum 
growth conditions. 
The advantages of using weight or area as the basis for expressing both 
photosynthetic capacity and leaf nitrogen content have been discussed thoroughly (Field 
and Mooney, 1986). Field and Mooney (1983) found strong correlations between 
photosynthetic capacity and leaf organic nitrogen content over a range of species, using 
either weight-based or area-based measures for leaves at or beyond the age of full 
expansion. The relationship between area-based measures of photosynthetic capacity 
and leaf nitrogen was not as strong as the relationship with the weight-based measures. 
In seeking a better understanding of the influence of canopy structure on both 
photosynthetic capacity and leaf nitrogen on a weight basis, I have attempted to show 
the parallel between leaf area density and leaf nitrogen mass density for each needle age 
class. 
4.5.2 	Normalization procedure 
Leaf nitrogen was normalized with respect to height and whorl in the same way as 
leaf area. Thus the relative leaf nitrogen density of an internode is: 
Nr  = (n/N1 ) x (L/l) 	 (4.5) 
and the actual leaf nitrogen mass density, 
Nd = Nr  x (A1IL) x (N1/A) (g rn3) 	 (4.6) 
where 	Nr 	= relative leaf nitrogen, 
n 1 = the mass of nitrogen in each leaf age class, 
N1 	= the total mass of nitrogen in tree foliage, and 
Nd = actual leaf nitrogen mass density. 
4.5.3 Derivation of functions 
The normalized data of leaf nitrogen were fitted to the same beta function in place of 
normalized leaf area density. The values of the parameters and the mean square errors 
(M-S) of the fitted functions for needles of different age classes and for all the needles 
together of the three stages are tabulated in Table 4.5, and the fitted functions are 
illustrated in Fig 4.5. The vertical distributions of leaf nitrogen mass density show the 
same trends as leaf area density but with somewhat different parameters. A plot of 
relative leaf nitrogen for each needle age class against related relative leaf area both 
cumulated from the top of the canopy downwards shows that the age structure 
dynamics of the two distributions have very similar patterns (Fig 4.6). For each age 
class there were highly significant linear relationships almost passing through the origin 
with slopes approximately equal to 1.0 (Table 4.6 and Fig 4.6A-4.6D). However, 
inspection of the scatter diagrams (Fig 4.6) reveals some deviations from unity in the 
younger needles at age 12. The tendency for optimum nitrogen concentrations to decline 
over the years prior to canopy closure has been reported by Miller et al. (1981). 
95 
Table 4.5 Parameters of the vertical distributions of leaf 
nitrogen mass density of Sitka spruce canopies in the three stages. 
Needle B  B2 B3 n M.S 
age 
Stage 1 1 4.28 0.64 1.41 82 0.800 
Age  2 1.64 0.66 2.24 62 0.093 
Years 3 0.13 0.11 0.46 42 0.013 
All 6.05 0.60 1.60 82 1.380 
Stage 2 1 5.75 0.88 1.68 63 0.243 
Age 8 2 4.35 0.97 2.75 53 0.070 
Years 3 2.59 0.89 4.36 43 0.018 
4 0.003 -1.52 -2.96 33 0.008 
All 8.19 0.71 1.91 63 0.669 
Stage 3 1 10.25 1.82 1.81 53 0.127 
Age 12 2 3.48 1.09 1.89 48 0.051 
Years 3 1.41 0.81 1.92 43 0.021 
4 1.88 0.77 3.38 38 0.021 
All 9.29 0.99 1.61 53 0.515 
4.5.4 	Distribution with respect to leaf area 
Evaluating both photosynthetic capacity and leaf nitrogen content on a leaf area 
basis has resulted in considerable variability because of differential nitrogen partitioning 
amongst components of the photosynthetic system (Evans, 1989). The experimental 
design of three stages used here may be used to explain the operational advantages of a 
distribution of nitrogen in relation to leaf area. The aim is to explore the effects on 
whole plant carbon gain of variation in the distribution of fixed amounts of nitrogen 
among leaves of different age class in a canopy. This approach utilises an ecologically 
relevant situation to examine the patterns of leaf nitrogen distribution that maximize 
carbon gain without invoking a cost / benefit hypothesis, by assuming instead that 
nitrogen use efficiency is likely to be maximized under a given light availability. 
Similarly, Hirose and Werger (1987b) constructed a model of daily canopy 
photosynthesis taking into account the distribution of light and leaf nitrogen. They 
found that both irradiance and nitrogen concentration per unit leaf area decreased 
exponentially with increasing cumulative leaf area from the top of the canopy. 
Accordingly, a leaf nitrogen per unit area has been plotted against relative leaf area 
cumulated from the top of the canopy downwards to illustrate the approach (Fig 4.7). 
The distribution of leaf nitrogen of all ages in the three stages declines with increasing 
M. 
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Fig 4.6 CLN VS CLA 
ACE=4 YEARS, STAGE 
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Table 4.6 	Relation between relative leaf nitrogen to relative leaf area of Sitka spruce by age class in the three stages. 
Stand Needle 
Character- age- 
istics class Equations R2 S a Sb 
Stage 1 1 N11 = 0.0316 + 0.9744 A 1 0.9939 * * 
age 4 2 Nji = 0.0087 + 0.9934 A 0.9936 * * 
3 Nji = 0.0278 + 0.9773 A 1 0.9794 * 
All Nji = 0.0332 + 0.9741 A1 0.9950 * 
Stage 2 1 N11 = 0.0103 + 0.9997 A, 0.9975 * * 
age 8 2 N11 = 0.0030 + 1.0038 A1 0.9985 * * 
3 N 1 1 = -0.0092 + 1.0083 A1 0.9963 * * 
4 Nji = 0.0090 + 0.9956 A, 0.9976 * * 
All N1 1 =0.0155-#-0.9972A 1 0.9981 * 
Stage 3 1 N 1 1 = 0.0316 + 0.9904 A1 0.9966 * 
age 12 2 N11 = 0.0244 + 0.9896 A1 0.9974 * 
3 N11 = 0.0096 + 0.9967 A1 0.9981 * * 
4 N1 1 = -0.0042 + 1.0049 A1 0.9987 * * 
All N11 = 0.0364 + 0.9868 A1 0.9960 * 
Nji 	cumulative relative leaf nitrogen; A 1 = cumulative relative leaf area; 5a = significance of intercept; 5b = significance of slope. 
= p<0.0001; ** = p<O.00l; * = p<0.05 
Fig 4.6A CLN VS CLA 











I 	I 	I 	I 	I 	I 	I 	I 
0.0 	0.1 	0.0 	0.3 	0.4 	0.5 	0.6 	0.1 	0.8 	0.9 	1.0 
CUMULATIVE LEAF AREA (RV) 
F-11 
MA = NEEDLES AGE IN YEARS 
Fig 46ACLNVSCLA 













I 	 I 	I 	I 	I 	I 	 I 	I 
0.0 	0.1 	0.2 	0.3 	0.4 	0.5 	0.6 	0.7 	0.8 	0.9 	1.0 
CUMULATIVE LEAF AREA (RV) 
P ]2 
MA = NEEDLES AGE IN YEARS 
Fig 4.6A CLN VS CIA 
	
Fig 4.6A CLN VS CLA 
ACE=4 YEARS, STAGE 1 	MA=3 
	












I 	I 	I 	I 	I 	I 	I 	I 
0.0 	0.1 	0.2 	0.3 	0.4 	0.5 	0.6 	0.7 	0.8 	0.9 	0.0 
CUMULATIVE LEAF AREA (RV) 
F- 13 












I 	I 	I 	I 	 I 	I 	I 
0.0 	0.1 	0.2 	0.3 	0.4 	0.5 	0.6 	0.1 	0.0 	0.9 	1.0 
CUMULATIVE LEAF AREA (RV) 
L-] 
MA = NEEDLES AGE IN YEARS 
100 
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Fig 4.6C CLN VS CLA 
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Fig 4.6D CLN VS CIA 
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Fig 4.7 LEAF NITROGEN DISTRIBUTION 
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cumulative leaf area from the top of the canopy and the decline is more pronounced at 
age 12 for which the distribution of leaf nitrogen in the older needles seems to be more 
clustered. Similar patterns of leaf nitrogen distribution have been observed in some 
other plant species, a pattern that limits the cost of nitrogen redistribution as well as the 
effects of site to site and day to day variation in the light environment (Field, 1983). 
4.5.5 Derivation of functions 
The data of leaf nitrogen per unit area for the three stages were fitted to the 
following exponential model, giving leaf nitrogen distribution as a function of relative 
cumulative leaf area index in the canopy, using the SAS non-linear least squares 
procedure: 
NIA = No  exp (-K A/A 1 ) 
	
(4.7) 
where 	No  = leaf nitrogen content per unit area in the upper layers, 
NLA = leaf nitrogen content per unit area in successive lower layers, 
Ait 	= total leaf area index, 
A1 = leaf area index cumulated from the top of the canopy, and 
K 	= coefficient of leaf nitrogen allocation. 
The values of the parameters, the mean square errors (M.S), and the coefficient of 
determination of the fitted models for needles of different age classes and for all the 
needles together of the three stages are tabulated in Table 4.7, and the distributions are 
also shown in Fig 4.8. The coefficient of determination ranged from 0.93 to 0.98. The 
nitrogen allocation coefficient K ranged from 0.03 to 0.27 in the open stands (stages 1 
and 2), except for one value for 3-year-old needles in stage 2 where K <0 indicating 
that the lower leaves had higher nitrogen concentrations. K = 0 indicates a uniform 
distribution of leaf nitrogen per unit area in which every leaf has a nitrogen content 
equal to the mean. K increases with increasing non-uniformity of distribution. By 
contrast the pronounced decrease in leaf nitrogen concentration for 4-year-old needles 
with increasing depth in stage 2 could be a dilution effect as a result of increasing 
specific leaf area (see section 4.6). In the dense 12-year old stand (stage 3), the 
coefficient of nitrogen allocation ranged from 0.26 to 0.60 except for one low value of 
0.02 for 4-year-old needles and this indicates non-uniformity of the distribution in 
which upper leaves in the canopy have higher nitrogen concentrations than lower ones. 
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There is a difference in K between the stand close to canopy closure (stage 3) and 
the other two younger stands of Sitka spruce (stages 1 and 2) and this may indicate the 
relative advantage of nitrogen redistribution in dense stands compared to open stands. It 
has been suggested previously that it would be more advantageous for plants forming 
dense stands to develop a nitrogen redistribution mechanism than plants in an open 
habitat, especially in species which commonly position leaves in the full range of 
microsites in canopies with high leaf area indices (Mooney et al., 1981; Field, 1983; 
Hirose and Werger, 1987b). In open stands there may be little selective advantage in 
nitrogen redistribution as a tool to enhance whole canopy photosynthesis if the cost of 
nitrogen redistribution is considered. Field (1983) calculated the cost of nitrogen 
redistribution to lie in the range of 0.3 to 0.6 % of the daily carbon gain and this is 
similar to some of the observed K values in the open stands in this study. 
Table 4.7 Parameters of leaf nitrogen 
per unit area as a function of relative depth 
in Sitka spruce canopies in the three stages. 
Needle No K R2 n M.S 
age 
Stage 1 1 2.05 0.23 0.95 82 0.168 
Age  2 1.63 0.03 0.96 62 0.112 
Years 3 1.34 0.12 0.94 42 0.106 
All 2.03 0.27 0.96 82 0.146 
Stage 2 1 3.82 0.17 0.98 63 0.286 
Age 8 2 3.36 0.07 0.97 53 0.276 
Years 3 2.53 -0.02 0.97 43 0.183 
4 2.65 0.17 0.93 33 0.463 
All 3.79 0.25 0.98 63 0.199 
Stage 3 1 3.92 0.50 0.98 53 0.201 
Age 12 2 3.05 0.33 0.97 48 0.215 
Years 3 2.59 0.26 0.96 43 0.217 
4 1.92 0.02 0.97 38 0.106 
All 3.64 0.60 0.98 53 0.161 
4.5.6 Age class distribution of leaf nitrogen 
Leaf ageing is accompanied by predictable changes in photosynthetic capacity, 
which increase rapidly during the period of full leaf expansion and then gradually 
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increasing leaf age (Osman and Milthorpe, 1971; Friedrich and Huffaker, 1980; Field, 
1981; Field and Mooney, 1983). Physiological aspects of leaf ageing are regulated 
under precise control of the cell nucleus, acting in response to environmental, 
hormonal, and other genetic signals (Thomas and Stoddart, 1980). This most likely 
produces a unique pattern of leaf nitrogen distribution which keeps carbon gain high 
relative to the investment of nitrogen in Rubisco (Field, 1981). Field and Mooney 
(1983) concluded that as leaves age, withdrawal of leaf nitrogen does not change 
intrinsic resource-use efficiency but slightly increases nitrogen use efficiency. Because 
nitrogen is not consumed or lost during photosynthesis, steady state concentrations of 
leaf nitrogen are a useful index of investment. Furthermore, Rubisco does not appear to 
turnover under steady-state conditions but is synthesized in the light and degraded in 
darkness (Peterson et al., 1973). 
However, leaf ageing in natural environments tends to produce leaf nitrogen 
contents that are similar to the optimal values but somewhat more clustered (Field, 
1983). Little change is observed in specific leaf area, nitrogen concentration, and 
photosynthetic capacity with age in leaves of desert annuals, while these properties 
decrease considerably with age in leaves of old-field annuals, even in leaves not 
exposed to the usual shading that accompanies canopy development. Increased shading 
caused by plant growth leads to degradation of chlorophyll-protein complexes as well 
as carboxylating enzymes and the released nitrogen is translocated to actively growing 
parts (Thomas and Stoddart, 1980). Accordingly, retranslocation of leaf nitrogen to the 
top of the canopy with ageing should be more effective in increasing whole canopy 
photosynthesis in dense stands than in open stands (Hirose and Werger, 1987b). 
Over all three stages, leaf nitrogen in the two models (equations 4.6 & 4.7) 
decreased with increasing leaf age and displayed chronological ageing trends 
qualitatively similar to the age structure dynamics. 
4.6 Specific leaf area 
Specific leaf area (SLA, projected leaf area / leaf dry mass) is very sensitive to 
many environmental variables such as light, temperature, and humidity (Kvet et al., 
1971; Kira, 1975; Tadaki, 1970; Gholz etal., 1976; Leverenz and Jarvis, 1980). The 
attenuation of light through a forest canopy results in a strong negative correlation 
between SLA and irradiance (Moir and Francis, 1972; Kira, 1975; Lewandowska eral., 
Um 
1977). Accordingly, thinning and spacing treatments and other interference with 
canopy structure, which cause changes of the environmental conditions for leaves in 
different canopy strata, also influence SLA. 
Mean SLA ranged from 67.0 cm' g for stage 1, through 45.1 cm 2 g' for stage 2 
to 42.6 cm2  g' for stage 3 (Table 4.8). These values agree with the general range of 
values for Sitka spruce of between 30 and 60 cm 2 g' (Ford, 1982), 40 and 111 cm2  g 
(Lewandowska and Jarvis, 1977), 30 and 70 cm 2  g (Norman and Jarvis, 1974) or 58 
and 130 cm2  g' (Leverenz and Jarvis, 1980). Similar results have been found for other 
coniferous tree species: Hager and Sterba (1985) reported values from 30 to 86 cm2 g- I 
in 17-year-old Norway spruce while Borghetfl et al. (1986) mentioned an overall mean 
SLA of 65 cm2  g in 25-year-old Douglas-fir plantation. 
Table 4.8 Mean SLA (cm2  g') and DM of 100 needles (g) by 
age for the three stages (standard error in parentheses). 
Needle age-class years 
1 2 3 4 All 
N 164 103 47 2 316 
Stage 1 SLA100 67.10 63.91 73.12 72.96 67.00 
(0.97) (1.16) (2.38) (10.16) (0.74) 
age  DM100 0.21 0.22 0.14 0.09 0.20 
(0.004) (0.007) (0.009) (0.004) 
N 124 94 74 44 336 
Stage 2 SLA100 45.14 43.51 46.37 46.44 45.12 
(0.52) (0.46) (0.54) (0.81) (0.29) 
age 8 DM100 0.46 0.42 0.38 0.30 0.41 
(0.01) (0.01) (0.01) (0.01) (0.01) 
N 93 77 66 52 288 
Stage 3 SLA100 42.38 41.83 41.74 44.98 42.56 
(0.91) (0.81) (0.69) (0.75) (0.42) age 12 DM100 0.52 0.53 0.47 0.35 0.48 
(0.02) (0.02) (0.02) (0.02) (0.01) 
SLA100 = specific leaf area of 100 needles; DM 100 = dry mass of 100 needles; N = number of observations. 
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4.6.1 Vertical distribution of SLA 
The mean SLA and dry mass of 100 needles by age on branches in each whorl, and 
interwhorl, and on the stem in the first three stem sections and leaders of the three 
stages are shown in Tables 4.9-4.11, respectively. The best fit between SLA and needle 
dry mass for all age classes and heights at each stage was obtained by a third-degree 
polynomial regression function which gave good fits to the data over the whole canopy 
in all three stages (Table 4.12, Fig 4.9). Similar functions were fitted by Hager and 
Sterba (1985) in Norway spruce and Borghetti et al. (1986) in Douglas-fir plantations. 
There was a pronounced effect of canopy position on both SLA and needle dry mass. 
From the top to the bottom of the canopy there was a trend for SLA to increase and / or 
needle dry mass to decrease in all age classes of the three stages (Tables 4.9-4.11). 
Similar observations have been reported for various tree species and sites (Tadaki, 
1970; Norman and Jarvis, 1974; Kira, 1975; Lewandowska and Jarvis, 1977; Davies 
and Benecke, 1980; Larcher, 1980; Ford, 1982; Hager and Sterba, 1985; Borghetti et 
al., 1986). Changes in SLA and needle dry mass with respect to crown position is the 
result of acclimation to different light conditions during shoot development. This leads 
to thicker palisade tissue and to decrease in chlorophyll content in sun leaves compared 
with shade leaves (Aussenac, 1973; Lewandowska and Jarvis, 1977; Tucker and 
Emmingham, 1977; Kramer and Kozlowski, 1979). Increase in SLA at the bottom of 
the crown and the decrease in chlorophyll a:b ratio at lower PAR indicates the 
acclimation of spruce to low light conditions (Lewandowska et al., 1976; 
Lewandowska and Jarvis, 1977). 
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Table 4.9 Mean SLA (cm2  g') and dry mass of 100 needles (g) by age and whorl 
in three stages. First line of figures for each whorl is SLA, second line 
of figures for each whorl is dry mass of 100 needles. Standard errors in 
parentheses. 
Needle age-class (years) 
2 	 3 
Whorl 
No. 















































































































































































Table 4.10 Mean SLA (cm2  g') and dry mass of 100 needles (g) by age and inter-
whorl in three stages. First line of figures for each inter-whorl is SLA, 
second line of figures for each inter-whorl is dry mass of 100 needles. 
Standard errors in parentheses. 
Whorl 
No. 














































































Needle age-class (years) 
2 	 3 	 4 
78.02 (4.43) 
0.12 (0.01) 
69.81 (15.08) 	83.12 
0.20 (0.09) 0.09 
44.56 (0.92) 
0.41 (0.02) 
48.58 (1.33) 45.79 (1.24) 
0.36 (0.02) 0.33 (0.02) 
49.10 (0.14) 45.52 (1.86) 
0.34 (0.02) 0.32 (0.01) 
38.03 (1.53) 
0.56 (0.05) 
41.78 (1.08) 41.33 (1.70) 
0.52 (0.06) 0.46 (0.04) 
42.80 (1.05) 47.11 (2.20) 
0.44 (0.04) 0.34 (0.03) 
49.27 (3.88) 48.85 (3.00) 




Table 4.11 Mean SLA (cm2 g 1 ) and dry mass 
of 100 needles (g) for the first three stem sections (SS) and leaders 
of the three stages. First line of figures for each stem section is SLA, second line of 
figures for each stem section is dry mass of 100 needles. Standard errors in 
parentheses. 
Component Needle age-class (years) Stand 
1 2 3 age 
SS1 60.00 (2.36) 
0.23 (0.01) Stage 1 
SS2 67.42 (1.97) 
0.16 (0.01) age  
SS3 71.46 (7.16) 
0.16 (0.02) 
SS1 37.43 (0.86) 
0.46 (0.33) Stage 2 
SS2 40.55 (1.25) 
0.48 (0.04) age 8 
SS3 42.38 (1.42) 
0.42 (0.04) 
SS1 33.98 (0.90) 
0.86 (0.04) Stage 3 
SS2 29.62 (1.00) 
0.83 (0.12) age 12 
SS3 38.17 (4.16) 
0.58 (0.03) 
Leader 1 59.62 (1.91) 
0.23 (0.01) Stage 1 
Leader 2 37.58 (0.93) 
0.57 (0.05) Stage 2 
Leader 3 31.77 (0.59) 
0.87 (0.07) Stage 3 
4.6.2 Age class distribution of SLA 
The data of SLA show similar effects within each stage in relation to leaf age and 
position within the crown but the degree of effect differs from stage to stage as a result 
of both changing age and environment. Consequently, the overall mean SLA decreased 
from 67.0 cm2 g 1 at age 4 years to 42.6 cm 2 g' at age 12 years while needle dry mass 
increased from 0.20 to 0.48 g for 100 needles at the same time (Table 4.8). 
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Table 4.12 Relationship between SLA and dry mass of 100 needles. 
Stand 
characteristics Equations 	 N 	 R2 	 M.S. 
Stage 1, age 4 	SA = 109.08 - 321.92 Wlh  + 622.81 W21h - 527.63 W 3  1h 	316 	 0.9827 	
81.52 
Stage 2, age 8 	SA = 70.44 - 102.64 WIh + 116.81 W21h - 52.20 W3  1h 	336 	 0.9939 	 12.67 
Stage 2, age 12 	SA = 74.81 - 122.47 Wffi + 134.53 W2  1h - 55.14 W3  1h 	288 	 0.9909 	 17.12 
SA = specific leaf area 
Wffi = dry mass of 100 needles 
N = number of observations 
- 	R2 = coefficient of determination 
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Leaf age had a marked effect on both SLA and needle dry mass. The effect was 
particularly clear on one and two-year-old needles. The latter had much lower SLA and 
higher needle dry mass than one-year-old needles in all three stages (Tables 4.9-4.11). 
Similar trends were found in Pinus radiara in New Zealand where two-year-old needles 
had a lower SLA (47 cm2  9 1 ) than current year needles (53 cm2  9 1 ) (Davies and 
Benecke, 1980). The older needles did not show a clear trend in the open stands (stage 
1 and stage 2) where three-year-old and four-year-old needles had higher SLA than one 
and two-year-old needles. Developing needles in the open stands had experienced near 
full light conditions and this may be the reason for the lack of systematic differences 
between SLA of the different age classes of needles. In the dense stand (stage 3), the 
pattern was more systematic and the three-year-old needles had lower SLA than one 
and two-year-old needles but the four-year-old needles had relatively higher SLA 
(Tables 4.9-4.11). This increase in SLA could be an adaptive advantage to improve 
light harvesting. Goodchild et at. (1972) and Lewandowska et al. (1976) suggested that 
the increase in chlorophyll content in the shade shoots reflects an adaptive situation for 
the more efficient system of light capture in a light-limiting environment. However, an 
increase in SLA is generally associated with a decrease in dry mass fraction in shoots of 
Sitka spruce at different heights within the crowns of individual trees (Lewandowska 
and Jarvis, 1977). Generally, in closed canopies, leaf age exerted a marked effect on 
both SLA and needle dry mass. With increasing leaf age, SLA decreased significantly 
while, dry mass increased (Norman and Jarvis, 1974; Gholz et at., 1976; Del Rio and 
Berg, 1979; Smith et al., 1981; Hager and Sterba, 1985; Borghetti et al., 1986). 
However, Hager and Sterba (1985) found no significant difference between the dry 
mass of 100 needles of older and current needles. 
4.6.3 Derivation of functions 
Variation in SLA in response to different light environments may explain the 
changes in the photosynthetically active surface area in the three stages. Consequently, 
SLA has been plotted against relative leaf area cumulated from the top of the canopy 
downwards to test this suggestion (Fig 4.10). The SLA of needles of all ages increases 
with increasing cumulative leaf area from the top to the bottom of the canopy in the 
three stages. Function similar to that used for leaf nitrogen in relation to cumulative leaf 
area in the canopy was fitted (equation 4.7). The values of the parameters, the mean 
square errors (M.S), and the coefficient of determination of the fitted functions for 
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Fig 4.10 SPECIFIC LEAF AREA DISTRIBUTION 
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needles of different age classes and for all the needles together of the three stages are 
tabulated in Table 4.13, and the curves are shown in Fig 4.11. The coefficient of 
determination ranged from 0.9561 to 0.9965. The coefficient of SLA change (K s) 
ranged from -0.25 to -0.13 in the open stands (stages 1 and 2) and from -0.39 to -0.22 
in the dense stand (stage 3). The negative signs of the coefficient K s for the needles of 
the different age classes in the three stages indicates a negative correlation between SLA 
and irradiance. Needles in the open stands and the upper layers of the canopy in the 
dense stand would have experienced near full light conditions and this may reflect the 
lack of systematic variability between SLA of the different age classes of needles.The 
smaller range of K S  in the stand close to canopy closure (stage 3) compared to the wider 
range of K S  in the other two, younger stands of Sitka spruce (stages 1 and 2) may 
indicate the potential of the photosynthetic apparatus to acclimate to low light conditions 
in dense stands compared to open stands. This may promote the understanding of forest 
productivity through partitioning of biomass and the importance of leaf nitrogen and 
SLA distribution and adaptation within the canopy. The variations in leaf properties 
with height in forest canopies reflect the response of leaf to differing light environments 
(Norman and Jarvis, 1974; Jarvis et al., 1976). Shade-tolerant species, growing under 
light-limiting conditions characterized with high SLA and usually invest more assimilate 
in the formation of chlorophyll for the light harvesting system (Goodchild et at., 1972). 
However, it is clear that systematic changes to the prevailing environment through 
the canopy had occurred only in the dense stand at the lower layers of the canopy for 
one, two, and three-year-old needles and this is analogous to the effect of leaf nitrogen 
redistribution in relation to maximization of whole canopy photosynthesis in dense 
stands. 
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Table 4.13 Parameters of SLA as a function of 
relative depth in Sitka spruce canopy in the three stages. 
S 0 K R2 N M.S. 
59.66 -0.23 0.9770 82 114.72 
58.34 -0.13 0.9654 62 147.76 
64.41 -0.19 0.9561 42 260.53 
60.51 -0.19 0.9782 82 103.86 
39.66 -0.25 0.9960 63 8.83 
38.71 -0.20 0.9930 53 14.13 
41.8- -0.19 0.9951 43 11.55 
41.96 -0.17 0.9893 33 25.14 
39.97 -0.22 0.9965 63 7.43 
34.17 -0.39 0.9834 53 •33.67 
36.33 -0.26 0.9909 48 17.34 
35.32 -0.27 0.9937 43 11.47 
39.64 -0.22 0.9921 38 16.99 
























age 12 2 
3 
(dense stand) 4 
All 
S. = specific leaf area at the upper layers 
KS = coefficient of SLA change 
R2 = coefficient of determination 
M.S. = mean square error 
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CHAPTER 5 
GROWTH AND NUTRITION 
ANALYSIS OF YOUNG SITKA SPRUCE 
5.1 Growth analysis techniques and mechanism of response 
Growth analysis is a standard practice for estimating net photosynthetic production 
of plants in different environments and it is a useful tool for comparing the effects of 
cultural practices on productivity between crops (Watson, 1947; Wallace et al., 1972). 
The basic ideas of plant growth analysis for estimating the primary values (sequential 
measurements of plant size, form or number; usually dry mass of whole plants or their 
parts such as stems, leaves, shoots etc.), were established by a number of workers 
(Blackman, 1919; Briggs et al., 1920a & b; Williams, 1946; Watson, 1952; Coombe, 
1960; Blackman, 1968). 
The absolute growth rate (AGR) is a simple measure of the increase in dry mass per 
unit time and it has great ecological value in relation to stands and communities, but its 
value diminishes in comparisons of growth rate among individual plants of different 
sizes (Kvet et al., 1971). Blackman (1919) introduced the concept of relative growth 
rate (RGR), which is independent of the amount of growing material and is defined as 
the increase in plant material per unit of material and per unit of time. Knowledge of the 
size of the assimilatory apparatus is essential for calculating other growth 
characteristics. Gregory (1918) recognized growth as a function of photosynthetic 
tissue and introduced the term net assimilation rate (NAR) or unit leaf rate (ULR), 
which is the net gain in weight per unit of leaf area and time. Because the size of the 
assimilatory apparatus is essential for calculating other growth characteristics, the above 
ideas were developed further giving rise to important plant attributes such as leaf area 
ratio (LAR), leaf weight ratio (LWR), specific leaf area (SLA), leaf area index (LAT) 
(Briggs et al., 1920a & b; Gregory, 1926; Whitehead and Myerscough, 1962) and leaf 
area duration, which is defined as the integral of the leaf area index over a certain period 
of time, i.e. the whole opportunity for assimilation that a crop possesses during the 
period in question (Watson, 1947). Subsequent work on growth analysis has identified 
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the importance of these plant attributes in relation to environmental variables 
(Watson,1952). Therefore, growth analysis has been applied extensively to the 
ecological and physiological problems of plant relationships (Blackman, 1961; 
Ovington, 1962). Satisfactory use of growth analysis has been obtained with seedlings 
and small plants, raised from grafts or cuttings of trees and shrubs (Rutter, 1957; 
Coombe, 1960), but once young trees get beyond a certain size, standard growth 
analysis becomes more complicated (see Chapters 2 & 3 for methods and biomass 
estimation). 
The application of growth analysis techniques in forestry has been discussed by 
Wareing (1966), Ledig (1974), Zavitovski et al. (1974), Ledig (1976) and Satoo and 
Madgwick (1982). They concluded that the quantity of photosynthetic tissue was likely 
to be more important than its efficiency in determining productivity and response to 
changing environment. However, leaf biomass and net assimilation rate (NAR) are not 
independent of one another and NAR may be expected to decrease as leaf biomass or 
area increases (Watson, 1958). Satoo (1971) showed that leaf efficiency was inversely 
related to leaf biomass in a number of stands of conifers. Because of increased mutual 
shading of leaves, NAR is negatively correlated with LAI and consequently with all 
variables bringing about an increase in LAI, such as nitrogen and water supply, density 
and shading of the canopy. Thus, NAR usually decreases during the growth and 
development of a plant stand (Watson, 1952; Blackman, 1961; Huxley, 1967). 
Coombe (1960) found that woody plants possess inherently lower AGR and NAR than 
the majority of herbaceous plants, a conclusion supported by the work of Jarvis and 
Jarvis (1964). These workers pointed out the importance of leaf area ratio (LAR) in 
increasing productivity and they attributed the differences in NAR to the high mesophyll 
resistance to CO 2  diffusion in leaves of woody plants. 
5.2 Fertilizer response and nutrient cycling 
Application of nitrogenous fertilizers to tree crops is a common practice for 
improving production as well as for studying the effects of nitrogen on the nutrient 
cycle (Armson, 1976). While the response of growth and production to fertilizer 
treatment is well known (Heilman and Gessel, 1963; Olszowski, 1976; Safford et al., 
1977), less is known of the fate of the nutrients applied and their effects on nutrient 
cycles (Turner, 1977; Wells et al., 1975; Ulrich, 1976). A number of studies have 
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shown the effects of fertilizer application on the quantity and photosynthetic efficiency 
of tree foliage. Keay et al. (1968) found that application of fertilizer to a poor Pinus 
pinaster stand resulted in an increase in the rate of CO 2  fixation, as well as the dry 
weight of all needle age classes. Changes in nitrogen concentrations of various tissues 
were evident after only one year, while many other growth responses only become 
evident in the second year after treatment (Mayhead, 1976). Nitrogen application to a 
20-year-old Douglas-fir stand had no effect on the rate of photosynthesis but increased 
diameter growth and needle area (Brix and Ebell, 1969). However, later investigations 
in the same stand showed an increase in the photosynthetic capacity of current shoots 
(Brix, 1971, 1972, 1981). Linder and Troeng (1980) found a significant increase in 
biomass and photosynthetic efficiency following application of nitrogen to a 
20-year-old Scots pine stand. An increase in needle weight or area following fertilizer 
treatment has also been reported by Albrektson et al. (1977) and Turner and Olsen 
(1976). With the application of nitrogenous fertilizers, needle retention and nitrogen 
uptake are increased and a higher fall of nitrogen in needle litter occurs in subsequent 
years (Heilman and Gessel, 1963; Turner, 1977; Wells et al., 1975; Miller et at., 
1976). However, it is clear that the rate of uptake, accumulation and release in litter fall 
of a nutrient, are largely functions of growth rate (Miller, 1984). 
In contrast, very few studies of the effects of a deficiency of nitrogen on the 
nutrient cycle have been conducted (Turner, 1977), although the effects of deficiency of 
various nutrients on growth are well known (Epstein, 1971). It has been frequently 
observed that nitrogen deficiency reduces the age at which needles senesce (Miller and 
Miller, 1976; Turner and Olsen, 1976). Therefore, consideration of the pattern of 
nutrient cycling in plantations leads to the realization that nutrient deficiencies are 
essentially problems of youth and old age, a realization that paves the way to new 
explanations of fertilizer response (Miller, 1984). Detection of the mechanisms evolved 
by trees surviving in an environment of limited soil resources, such as the conservation 
and reuse of essential elements, are of particular importance as the stand develops 
(Miller, 1984). Therefore, successful prediction of the response to nitrogen of forest 
ecosystems requires additional knowledge to identify the nitrogen sources and sinks, 
and the internal nitrogen redistribution within the trees, as well as the effects of intensity 
of management (Keeney, 1980). This requires from the forest manager a considerable 
knowledge of the role of nutrient cycles in maintaining forest productivity through the 
efficient use of soil nutrients and fertilizers. 
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In laboratory experiments, a constant supply of nutrients to seedlings leads to 
decreasing internal concentrations with time, while an inadequate supply of nutrients 
results in an unstable and uncontrolled internal nutrient status. Therefore, in traditional 
nutrient experiments, deficiencies normally occur as a result of growing plants in 
nutrient solutions with fixed concentrations of nutrients. However, a stable internal 
nutrient status has been achieved by applying nutrients in relation to the growth rate of 
the plants (Ingestad, 1982; Ingestad and Lund, 1986; Ingestad, 1987, 1988). Because 
of the differences between seedlings growing under laboratory conditions and trees in a 
field environment that are subjected to self shading in the canopy, redistribution of 
nutrients within the trees and competition for nutrients, a more dynamic description of 
the amounts of nutrients cycling within the whole system is necessary (Tamm, 1964; 
Lindgren and Axeisson, 1980; Ingestad et al., 1981; Tamm and Aronsson, 1982). In 
principle, a dynamic view of the amounts of nutrients cycled through the system during 
the growing season is more likely to provide better evidence of nutritional status. These 
ideas are fundamental to studies of plant nutrition and have direct implications for plants 
growing under field conditions. In areas where nitrogen is the principal limiting 
element, forest productivity has been predicted with the aid of nitrogen productivity 
(NP), the amount of biomass produced per unit of time and unit of nitrogen. Nitrogen 
productivity takes into account not only the nutrient flux but also the influence of light 
and water as growth-limiting variables and, therefore, is suitable as an index of forest 
productivity (Agren, 1983; Axelsson, 1983a & b). 
5.3 Results and discussion 
The changes in mean dry mass and nutrient content, total and by components, of 
the sampled trees of the three stages (Table 3.3) were assessed using the methods of 
growth analysis. The following assessment covers the age range of 4 years, through 8 
years to 12 years over three time intervals: the first time interval (t 1 -t2 ), the second time 
interval (t2-t3  ), and throughout the interval (t 1 -t3 ). 
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5.3.1 Absolute growth rate 
Mean absolute growth rate () and nitrogen uptake rate (0N)' total and by 
components, and mean total uptake rate of phosphorus (Or) and potassium (00 for 
each time interval were derived from the following equations: 
	
G 	= 	(W2 -W1 )/(t2 - t1) 	 (5.1) 
U = (M2 -M,) I(t2-t1) (5.2) 
where 	= mean absolute growth rate, 
W1  = total dry mass (or component) at time t p 
W2  = total dry mass (or component) at time 
U = mean absolute uptake rate, 
M1 = total mineral content (or component) at time t 1 , and 
M2 = total mineral content (or component) at time t 2 . 
Results for each time interval and on a per hectare basis (W 1 or M1 x stand density) 
are shown in Table 5.1. Total absolute growth rate and total nitrogen uptake rate are 
equal to the sum of the growth rates or nitrogen uptake rates of the different plant 
components. Absolute growth rate is a simple measure of the rate of dry weight 
increase. It is a poor comparative tool between the weights of the two harvesting 
intervals because the total dry weight of the plant has not been taken into consideration 
(Hunt, 1978a; 1982). The growth rate increased from 0.34 kg a 1 over the first interval 
to 4.21 kg a-1  over the second time interval. Nitrogen uptake rate increased from 6.4 kg 
ha-1 to 44.9 kg ha-1 a-1  over the second time interval. Rates of nitrogen uptake vary 
with site conditions, species, stage of stand development, and rate of growth (Cole, 
1981; Cole and Rapp, 1981; Heal etal., 1982; Keeney, 1980), and therefore values of 
uptake alone have little meaning. Cole and Rapp (1981) found a mean nitrogen uptake 
of 55 kg ha- ' a 1 for 37 sites, ranging from 129 kg ha a - ' for red alder to 2.6 kg ha 
for black spruce. Under conditions of theoretically non-limiting nitrogen supply, 
Cole (1981) reported an uptake of 215 kg ha - ' a for Douglas-fir stands including 
ground flora. These differences in uptake are largely associated with mineralization 
rates of different forest types (Gosz, 1981). 
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Table 5.1 Mean absolute growth rates and nitrogen uptake 
rates by components, phosphorus and potassium uptake rates for 
the three time intervals; bracketted values are on a per hectare basis. 
Component t 1 -t2 t2-t3 
(Total dry mass) 0.3402 (806.5) 4.2179 (8653.7) 2.2790 (4730.1) 
(Stem dry mass) 0.1057 (250.5) 1.4796 (3039.7) 0.7927 (1645.1) 
(Branch dry mass) 0.1040 (246.2) 1.4527 (2984.5) 0.7783 (1615.3) 
G (Leaf dry mass) 0.1305 (309.8) 1.2856 (2629.5) 0.7080 (1469.7) 
N (Total nitrogen) 0.0027 (6.4) 0.0220 (44.9) 0.0124 (25.6) 
Usn (Stem nitrogen) 0.0003 (0.6) 0.0037 (7.7) 0.0020 (4.1) 
U (Branch nitrogen) 0.0005 (1.2) 0.0051 (10.4) 0.0028 (5.8) 
U 1 (Leaf nitrogen) 0.0020 (4.7) 0.0132 (26.8) 0.0076 (15.8) 
U (Total phosphorus) 0.0003 (0.8) 0.0022 (4.4) 0.0012 (2.6) 
MK (Total potassium) 0.0013 (3.1) 0.0124 (25.3) 0.0068 (14.2) 
6A (Leaf area) 0.5708 (1362.8) 5.4215 (11078.0) 2.9962 (6220.4) 
Mean growth rates () and uptake rates (U) are measured in kg a or kg ha -1 a. 
Leaf area is measured in m 2 a 1 or m2 ha" a-1 . 
5.3.2 Relative growth rate 
Relative growth rate (R) or the 'efficiency index' (Blackman, 1919) is a differential 
value, being proportional to the slope of the growth curve at any one point, and its 
instantaneous expression is as follows: 
R 	= (1/W) (dW/dt) 	 (5.3) 
and it can be calculated as a first-order polynomial exponential (Hunt, 1982), 
In W = a+bt. 	 (5.4) 
The relative growth rate of the whole plant is a convenient integration of the 
combined operations of the various parts of the plant. As such it can provide more 
information about the growth of the trees in the three time intervals. Valuable 
supplementary information may also be obtained by calculating R of different plant 
components on the basis of leaf area or leaf nitrogen (Kvet et al., 1971; Hunt, 1982). 
The integration of equation (5.3) gives correctly the average value of the relative growth 
rate over the period between the two observations, whatever the nature of the changes 
in relative growth rate over this period (Fisher, 1921). Accordingly, mean relative 
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growth rate (R) and nitrogen uptake rate (RN), total and by components, for each time 
interval were calculated from the following equations: 
= (In W2 -lnW1)/(t2 - t1 ) 	 (5.5) 
RN = 	(In N2-lnN1)/(t2-t1) (5.6) 
where P = mean relative growth rate, 
W1 = total thy mass (or component) at time t 1 , 
W2 = total dry mass (or component) at time t 2 , 
RN  = mean relative nitrogen uptake rate, 
Ni  = total nitrogen content (or component) at time t 1 , and 
N2  = total nitrogen content (or component) at time t 2. 
Mean relative growth rates and nitrogen uptake rates for the different components 
are shown in Table 5.2. It is apparent that the difference in growth rates between the 
first two time intervals is not as large as envisaged by the absolute growth rate. The 
mean of all components for the first two time intervals (t 1 -t2) and (t2-t3 ) is the same as 
the mean of all components over the whole period (t 1 -t3 ), because the two means have 
similar slopes. The mean relative growth rates and nitrogen uptake rates of the different 
components declined throughout the second time interval compared to the first one, 
except for slight increase in R sn over the second time interval. Similar declines in relative 
growth rate with age were observed in young Pinus sylvestris varying in age from 2 to 
5 years (Rutter, 1957). The performance over the two time intervals suggests that the 
physiological basis for decreased relative growth rate is a relative reduction in growth of 
the assimilatory apparatus, leaf area and nitrogen, of the trees. Mean stem relative 
growth rate () was higher than Jk in all time intervals, indicating that stems are major 
sinks for carbon. 
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Table 5.2 Mean relative growth rates and nitrogen 
uptake rates by components for the three time intervals. 
Component t 1 -t2 t2-t3 Mean± Range t 1 -t3 
(Total biomass) 0.7510 0.6370 0.6940± 0.0570 0.6940 
(Stem biomass) 0.7629 0.6657 0.7 143± 0.0486 0.7143 
(Branch biomass) 0.7993 0.6667 0.7330± 0.0663 0.7330 
(Leaf biomass) 0.7106 0.5825 0.6466± 0.0641 0.6466 
EN (Total nitrogen) 0.7797 0.5423 0.6610± 0.1187 0.6610 
R (Stem nitrogen) 0.6623 0.6672 0.6648± 0.0025 0.6648 
R (Branch nitrogen) 0.8329 0.6011 0.7170± 0.1159 0.7170 
R (Leaf nitrogen) 0.7845 0.4995 0.6420± 0.1425 0.6420 
RA (Leaf area) 0.6146 0.5676 0.5911± 0.0235 0.5911 
Mean relative growth rates (R) and nitrogen uptake rates (N)  are measured in kg kg 1 a 1 
Mean leaf area (RA)  is measured in m2 m 2 a- I 
Because it was not possible to pair the trees before harvesting, an estimate of error 
can not be given to the individual estimates of mean relative growth rates and uptake 
rates in Table 5.2, although this is desirable. Moreover, it is important to consider all of 
the available data at once and not merely those from the initial and final harvest. Thus, 
the natural logarithms of mean dry mass and nitrogen by components and mean leaf 
area for the three stages were plotted against the age at harvest, following the form of 
equation (5.4). The relative growth rates (R) and nitrogen uptake rates (RN)  of the 
different plant components, derived as the slope (b), are shown in Table 5.3 and the 
regressions are illustrated in Fig 5.1-5.2. There were highly significant linear 
relationships for all components. The coefficient of determination ranged from 0.9838 
to 0.9996 and the relative growth rate and nitrogen uptake rate were found to be very 
close (R = 0.69 a 1 , RN = 0.66 a-1 ) and as in Table 5.3 and Fig 5.3. The overall 
performance of the relative growth rates of the different components compared to the 
corresponding relative nitrogen uptake rates were very close, indicating that stable 
nutritional conditions must have been achieved. 
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Table 5.3 Relative growth rates and nitrogen 
relative uptake rates by components from linear regression. 
Component RGR R2 S.E intercept 
R (Total dry mass) 0.6940 0.9978 0.0329 -5.3450 
R (Stem dry mass) 0.7143 0.9985 0.0281 -6.6563 
Rb (Branch dry mass) 0.7330 0.9973 0.0383 -6.8762 
R1 (Leaf dry mass) 0.6466 0.9967 0.0370 -5.9338 
RN (Total nitrogen) 0.6610 0.9894 0.0685 -10.0827 
Rsn (Stem nitrogen) 0.6648 0.9996 0.0014 -12.1126 
Rbfl (Branch nitrogen) 0.7170 0.9914 0.0669 -12.2526 
Rin  (Leaf nitrogen) 0.6420 0.9838 0.0823 -10.3101 
RA (Leaf area) 0.5911 0.9995 0.0136 -3.8764 
Relative growth rates (R) and nitrogen uptake rates (RN) are measured in kg kg -1 a 1 
Leaf area is measured in m 2 m 2 a 1 . 
It was not possible to compare the values of the relative growth rate components 
with other results because of the differences in age, ontogeny and environment. 
However, Grime and Hunt (1975) calculated the relative growth rate of a large number 
of species grown under favourable controlled conditions over a period of two to five 
weeks so as to compare inter-specific differences in relative growth rate. They found 
that the maximum instantaneous relative growth rate (R m ) ranged from 0.22 week - ' to 
2.70 week-1 , in Sitka spruce and annual poa, respectively. Through further comparison 
of large data sets of woody and herbaceous species, Hunt (1982) concluded that 
woody and annual species in general have low and high-biased Rm  respectively, a 
conclusion also reached by Jarvis and Jarvis (1964). Also in general terms, 
myra-specific differences may sometimes over-ride the magnitude of inter-specific 
differences and both are subjected to marked interactions of ontogeny and environment 
(Rutter, 1957). 
5.3.3 Component production rates 
To understand the relations between the relative growth rates of the different plant 
parts as well as the relative nitrogen uptake rates of the different plant components, 
was further divided using the technique recommended by Hunt (1978b) and Hunt and 
Bazzaz (1980) as a possible alternative to leaf demography for understanding changes 
in the populations of plant parts with age. Consequently, the mean relative growth 
rate was subdivided into an expression including the mean relative growth rates of the 
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component parts and the ratio of that part to the whole, i.e. 
= 	(W/W) + 2 (W 2/W) ...+ R1 (W/W) 	 (5.7) 
where R1 ,..• are the mean relative growth rates of plant parts W 1 W2 ,.••W 
(mass or nitrogen) averaged over the period. 
The derived quantities are termed mean component production rate (CPR) and they 
are given the symbol (J), which is an index of the current commitment of the plant to 
the production of this particular part or module. The mean component production rates 
sum up to the whole plant mean relative growth rate, i.e. 
R 	= 	+ 	 (5.8) 
where 1....n represents the separate components, such as stems, branches and 
leaves. 
Mean component production rates (J) were calculated according to the above 
procedure, using average values of each plant part over each time interval calculated 
from (W2 - W 1) / ( in W2 - in 	and are shown in Table 5.4. In both cases the sum 
of the components is very close to and 	Values of J show similar trends to R and 
RN. both sets declined throughout the second time interval compared to the first one, 
except for a slight increase in J over the second time interval. 
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Table 5.4 Mean component production rates for relative 
growth rates and nitrogen uptake rates over the three time intervals. 
Component t 1 -t2 t2-t3 t 1 -t3 
(Total biomass) 0.75 10 0.6370 0.6940 
(Stem biomass) 0.2334 0.2235 0.2414 
, (Branch biomass) 0.2296 0.2194 0.2370 
J1 (Leaf biomass) 0.2880 0.1942 0.2156 
15 0.7510 0.6371 0.6940 
N (Total nitrogen) 0.7797 0.5423 0.6610 
(Stem nitrogen) 0.0757 0.0920 0.1067 
Jbn (Branch nitrogen) 0.1428 0.1244 0.1495 
J (Leaf nitrogen) 0.5604 0.3248 0.4051 
0.7789 0.5412 0.6613 
Because of the small difference in mean relative growth rate over the first two time 
intervals, and to seek a better understanding of the growth rates of the different parts of 
the plant throughout the whole period, I have assumed a constant growth rate 
throughout and calculated the component production rates at each age accordingly. The 
component production rates (J ) for R and R N at the three ages are shown in Table 5.5 
and in both cases sum very closely to R and RN. The stem () and branch (sb) values 
increased throughout the growing period while the leaf (J 1) value decreased throughout 
the period. The same sequence occurs in the values of J for nitrogen but with slight 
deviation in stage 2 of stem (J) and leaf (J) nitrogen. The decline in J 1 was slower 
than J1  . The branch (sb) shows a slight increase over the stem () throughout the 
growing period. 
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Table 5.5 Component production rates 
(A) component production rate of relative growth rate 
Js ib J1 1i 	R 
4 	years 	0.2112 0.1830 0.2942 0.6884 
8 	years 0.2214 0.2221 0.2503 0.6938 } 	0.6940 
12 	years 	0.2483 0.2501 0.2012 0.6996 
(B) component production rate of relative nitrogen uptake rate 
sn bn ln I i 	 RN 
4 	years 	0.1042 0.1028 0.4593 0.6663 
8 	years 0.0652 0.1272 0.4683 0.6607 ) 	0.6610 
12 	years 	0.1074 0.1610 0.3947 0.6631 
The decline in the leaf biomass and in leaf nitrogen component production rates 
(Table 5.5) may indicate a slight increase in leaf efficiency because of the inverse 
relation between leaf efficiency and leaf biomass (Satoo, 1971; Waring et al., 1981; 
Satoo and Madgwick, 1982). A decrease of 11 % in foliage production following 
maximum basal area increment was noticed in 15 to 17-year-old Sitka spruce stands as 
a result of changes in branching structure (Ford, 1982, 1984, 1985). The slight 
increase in Jb  compared to J shows the close relation between stem biomass and branch 
biomass in the crowns of young Sitka spruce trees. Oker-Blom etal. (1988) found that 
the amount of stem biomass is closely correlated with branch biomass and branch 
density. Their competition-density model shows a clear increase in stem biomass at the 
expense of branch biomass at increasing stand densities, emphasizing the inverse 
relationship between branch density and branch biomass. 
It follows that techniques of both growth analysis and demography are essential for 
understanding size differentiation of the components of forest stands. In particular, this 
may be evident in a tree crown representing modules of branches, shoots, leaves or 
needles.Thus, the crown structure of an individual tree could result from these 
component production rates, or birth and death rates, of the modules and the 
competition between them (Harper and Dell, 1979; Hunt and Bazzaz, 1980; Maillette, 
1982a & b). Growth analysis at the organismal and sub-organismal levels, combined 
with demographic analysis, could give a more accurate interpretation of plant responses 
to environmental variables. Both techniques suffer some limitations in cases of heavy 
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branching or lack of clearly identifiable modules. Comparisons of the techniques are 
possible for a particular species and level of organization (Hunt, 1978a & b; Hunt and 
Bazzaz, 1980). However, neither approach leads to a categorical conclusion about the 
interaction of leaf biomass and leaf efficiency in relation to optimum leaf area and 
productivity (Black, 1963; Blackman, 1968; Bazzaz and Harper, 1977; Hunt, 1978b; 
Hunt and Bazzaz, 1980; Satoo and Madgwick, 1982). 
5.3.4 Net assimilation rate 
Net assimilation rate (E) expresses the dry weight increase at any instant on a leaf 
area basis as follows 
E 	= (1/A) (dW/dt) 	 (5.9) 
where 	E is the instantaneous net assimilation rate, and 
A is the leaf area. 
Net assimilation rate has no definite trend of variation like R, but fluctuates about a 
mean value as the age of the plant increases (Briggs et al., 1920b). The ontogenetic drift 
in E is generally smaller than that of R, but it cannot be completely eliminated by using 
other measures of the size of the assimilatory apparatus (Thorne, 1960). The measure 
of the size of the assimilatory apparatus has been found to be very important in the 
stability of E, especially when nitrogen is in limited supply (Williams, 1946). 
Considerable discussion has been devoted to ways of calculating E because there is 
no unique solution to the above equation (Kvet et al., 1971; Evans and Hughes, 1962). 
The solution depends on the evaluation of the relationship between total dry weight (W) 
and leaf area (A). The general relationship between W and A takes the following form 
W 	= a + bA 	 (5.10) 
where a and b are constants, and the solution depends on a. 
A general solution is possible (Whitehead and Myerscough, 1962), utilizing the 
parameter a, the ratio between the relative growth rates of total biomass and leaf area 
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(R / RA), when a is negligible. Then f between two harvest intervals can be calculated 
from the following equation (Kvet et al., 1971). 
- W 1 )/(t2 - t 1 )) ((A2a 1 - A l a l)/(A2a - A l a ))(a / (a - 1)). 	(5.11) 
Mean values of dry mass and leaf area were used to calculate £ for each time 
interval and are shown in Table 5.6. E increased from 0.33 kg m 2 a 1 in the first 
interval to 0.42 kg m 2  a at the second time interval. As mentioned by Jarvis and Jarvis 
(1964) most of the net assimilation rates found in the literature are not comparable 
because of different methods of determination or unsuitability of the units used. 
However, Satoo (1970) reported a value of 0.145 kg rn -2 a-1 for deciduous broadleaved 
forests of Japan. Ford (1982) compared the net above ground production of a highly 
productive even-aged stand of 17-year-old Picea sitchensis in Scotland of 26.7 t ha -1 
a with a 6-year-old stand of Pinus radiata in Australia of 24.4 t ha 1 a. He found 
that Sitka spruce had a lower production rate per unit of foliage 0.24 kg rn -2 a-1 
compared to 0.79 kg rn 2 a4 of radiata pine, but a fourfold larger foliage amount (27 t 
ha-1 compared to 7 t ha -1 ). 
Table 5.6 Mean net assimilation rate (E) 
from equation (5.11) and leaf area ratio (F) 
from equation (5.14) for the three time intervals. 
t2-t3 Mean± Range t 1 -t3 
0.3320 0.4219 0.3770± 0.0450 0.3581 
V 	2.2627 1.5134 1.8881± 0.3747 1.9391 
Usually E decreases during the growth and development of a plant stand. The slight 
increase in E over the second time interval is a result of the large dry weight at the end 
of that interval after exceedingly good growth. This increase in E could also result from 
a number of other reasons. The derivation of a from equation (5.10) has assumed that 
the constant a is negligible. This is true for young plants, but not for mature plants, and 
it is usually ignored when an approximation for one time interval is needed (Evans and 
Hughes, 1962; Whitehead and Myerscough, 1962; Evans, 1972). The tenfold increase 
in leaf area between consecutive harvests may also cause some errors. The long interval 
between harvests obscures the ontogenetic drift in R as a result of the increasing 
proportion of non-assimilatory tissues and this may cause an increase in E to 
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compensate for the inactive assimilate sink of stem growth. This is better seen when R 
is expressed as the product of leaf area ratio (F) and E, a concept introduced by Briggs 
etal. (1920a & b), that has been used for growth analysis of individual widely spaced 
plants. 
The growth rate of the plant depends on the proportion of total mass allocated to 
foliage and upon the efficiency of that foliage. Consequently, under stable conditions of 
R, E may rise to compensate for the decline in F as a result of the increasing allocation 
to stem biomass. Because many factors have opposite effects on E and F, the final 
effect on R reflects the interaction of the two effects, as in the response to shading or 
stand density (Kvet et al., 1971). The mutual relationship between F, E and R holds 
precisely for instantaneous values, as follows: 
R 	= ExF. 	 (5.12) 
The above equation can be used to calculate instantaneous values of E by division, 
i.e. (E = R / F) (Hunt and Evans, 1980). The instantaneous expression for F is as 
follows: 
F 	= A/W. 	 (5.13) 
The above equation provides instantaneous values using corresponding values of A 
and W at each harvest (Hunt, 1978a, 1982). Thus, the instantaneous value of F was 
found from plotting A against W for the three harvests and taking the slope of the 
resulting straight line. Then, by assuming constant R over the entire period, the mutual 
relationship between F, E and R for the whole period was found to be 
0.6940 	= 0.5329 x 1.3023 . 	 (see 5.12) 
However, mass changes can only be determined with any accuracy over intervals 
of days or weeks because the analytical techniques commonly used cannot identify the 
short-term changes. Unless measurements over much shorter intervals are available, we 
cannot determine the instantaneous rate at any given time (Briggs et al., 1920a & b; 
Causton, 1977). Mean values provide useful information about the rate of change 
between the two harvests, regardless of the nature of the changes in relative growth rate 
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over this period. If growth rates are low, mean values may be used for the relationship 
of equation (5.12) without the large errors that are usually associated with long harvest 
intervals for fast growing species (Hunt and Evans, 1980; Hunt, 1978a, 1982). 
To be consistent with the calculation of f, can be integrated between two harvest 
intervals and the solution is given by the following equation (P. G. Jarvis, pers. 
comm.) 
= ((A a - A1a)/(A2al -A, a-1 ))  (((x-1)/(t) ((lnW2 - lnW1)/(W2 - W 1 )). (5.14) 
Accordingly, mean values of R, E and F (Tables 5.2 and 5.6) were used to analyse 
the following relationship for the three time intervals, as well as for the overall mean of 
the first two time intervals, as follows: 
E 	x 	F 	 (5.15) 
t 1 -t 2 0.7510 	= 0.3320 	x 2.2627 
(0.75 12) 
t2 -t3 0.6370 	= 0.4219 	x 	1.5134 
(0.6385) 
Mean 0.6940 	= 0.3770 	x 	1.8881 
(0.7 118) 
t 1-t3 0.6940 	= 0.3581 	x 	1.9391 
(0.6944) 
The products of and F given in bracketted values were very close to for the three 
time intervals and the variation between the two is in the range of 0.03 to 2.50 %. This 
analysis shows that the reduction with age in relative growth rate results from a 
decrease in leaf area ratio of 33 % that is partially, but not completely, compensated by 
an increase in net assimilation rate of 27 %. The reduction in leaf area ratio probably 
results in better illumination throughout the crowns of the larger trees, the leaves of 
which are able to photosynthesis at a higher rate as a result (Lewandowska et al., 1977; 
Leverenz and Jarvis, 1980). This, of course, depends on the maintenance of an 
adequate amount of nitrogen in the leaves and may require a higher leaf nitrogen 
concentration than at the higher leaf area ratio in the younger trees. This is favourable 
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because leaves with a high nitrogen content can utilize high photon flux density more 
effectively for photosynthesis than those with a low nitrogen content (Mooney and 
Gulmon, 1979; Field, 1983; De Jong and Doyle, 1985). 
5.3.5 Nitrogen productivity 
A strong linear relationship between R and plant nitrogen concentration (N / W = 
N) has been found to exist over a wide range of values of N.  To interpret this 
relationship, Ingestad (1979) introduced the concept of nitrogen productivity, i.e. the 
amount of biomass produced per unit of time and unit of nitrogen. The instantaneous 
nitrogen productivity can be expressed as follows: 
PN 	= ( 1/N) (dW/dt) 	= (11W) (dWldt) (W/N) 	 (5.16) 
where PN is the nitrogen productivity. 
Thus, the instantaneous P N  can be expressed as the ratio of the R to the total plant 
nitrogen concentration (N / W). Plant nitrogen concentration can be calculated as a mean 
ratio over a harvest interval analogous to leaf area ratio as follows: 
NC = ((N2" - N 1 ")/(N2" 1 - N1")) (((x- 1)/a) ((mW2 - lnW1 )/(\V2 - W 1 )). (5.17) 
where k is mean plant nitrogen concentration, and a = (R/RN). 
Nitrogen productivity is analogous to E on a nitrogen basis and can also be 
calculated from the following equation using the appropriate values of a (i.e. RIRN): 
PN = ((W2 - WO/0 2 - t 1 )) ((N2"' - N," - ')/(N2" - N 1")) (a/(a - 1)). 	(5.18) 
Calculating PN as a ratio or from the above equation (5.18) produced almost the 
same result and the P N  decreased in both cases from 100 kg kg -1 a over the first time 
interval to 98 kg kg - ' a4  over the second time interval (Table 5.7). The nitrogen 
productivity is found to decrease as foliage biomass increases as a result of 
self-shading, water stress or increased respiration by non-photosynthesizing tissue 
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(Ingestad, 1981; Agren, 1983). Nitrogen productivity on a leaf nitrogen basis (P m) can 
be calculated from the above equation using the appropriate values of cx (i.e. R / R) 
This resulted in an increase of P from 138.31 kg kg - ' a over the first time interval to 
146.73 kg kg- ' a over the second time interval (Table 5.7). 
Table 5.7 Mean total nitrogen productivity, nitrogen 
productivity on a leaf nitrogen basis and plant nitrogen concentration. 
t 1 -t2 t2-t3 Mean± Range t 1 -t3 
PN(Ratio) 100.1333 98.0000 99.0667±1.0667 111.9355 
PN  (Eq.5.18) 100.5418 97.6912 99.1165±1.4253 112.3717 
Pin 138.3082 146.7301 142.5192±4.2110 170.1985 
N C 0.0075 0.0065 0.0070± 0.0005 0.0062 
0.7510 0.6370 0.6940±0.0570 0.6940 
All variables are measured in kg kg - ' a4 , except ii in kg kg -1 . 
Following equation (5.15) we may write: 
TN  N 
t 1 -t 2 	 0.7510 - 100.5 x 0.0075 
(0.7538) 
t2 -t3 	 0.6370 - 97.7 x 0.0065 
(0.6351) 
Mean 	 0.6940 = 99.1 x 0.0070 
(0.6937) 
t1-t3 	 0.6940 - 112.4 x 0.0062 
(0.6969) 
(5.19) 
The products of N  and Nc  given in bracketted values were very close to Jk for the three 
time intervals and the variation between the two is in the range of 0.04 to 0.42 %. This 
analysis shows that N  is relatively conservative over - the two time intervals (t 1 -t2) and 
(t2-t3) and that the reduction in R results largely from a fall in the nitrogen content of the 
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trees of almost the same magnitude. However, nitrogen productivity on a leaf nitrogen 
basis increased substantially over the two periods, a result that could occur either 
because of a genuine increase in efficiency, or because the amount of nitrogen in the 
leaves did not keep pace with the growth. The former might have resulted from better 
illumination of the leaves, associated with the lower leaf area ratio in the older trees. 
However, the latter seems more likely to be the case since leaf nitrogen content 
decreased with age. 
Hirose (1984) showed a curvilinear relation between E and leaf nitrogen 
concentration on an area basis (N) and defined an optimal nitrogen concentration that 
maximizes the productivity of leaves. He found that E increased with Nbut further 
increase in leaf nitrogen resulted in diminishing returns of E. Through factorized 
analysis of R and fractions of leaf dry matter and nitrogen in relation to plant nitrogen 
concentrations, Hirose (1988) showed another curvilinear relation between R and N 
utilizing the following central relationship: 
NIC = NC  x Nil / Wfr 	 (5.20) 
where 	NIC  is leaf nitrogen concentration (LNC) = 	/ W I), 
NC  is plant nitrogen concentration (PNC) = (N / W), 
Nb  is leaf nitrogen ratio (LNR) 	= (N 1  / N), and 
Wfr is leaf weight ratio (LWR) = (W1 / W). 
Hirose (1988) also found that an optimum curve for P N exists against N.  A 
decrease in PN  at high Nc has been ascribed to the effect of self-shading. However, 
Ingestad (1979), growing plants without the effects of shading, showed, that 
PN 
increased up to maximum and then decreased with increasing N O  while others have 
shown only increasing PN  against N, under similar conditions (Ingestad, 1981; 
Ericsson, 1981). 
A change in PN  may be explained by a change in P In. The nitrogen productivity may 
be divided into two components as follows: 
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(11N) (dW/dt) 	= (1/N1) (dW/dt) x (N1/N) = (Pm) (Nfr). 	 (5.21) 
The first component on the r.h.s. expresses the dry matter productivity per unit amount 
of leaf nitrogen and is equivalent to nitrogen use efficiency (NUE) used by Hirose 
(1984), the second is the fraction of total nitrogen in the leaves. In this study, N  was 
essentially constant unless there was a substantial increase in P in that was compensated 
for by a near equal proportional decrease in N,. The failure to maintain the fraction of 
nitrogen allocated to the leaf and thus the leaf nitrogen concentration, must be 
responsible for the reduction in . Hirose (1984) showed that if a curvilinear 
relationship holds between E and N, the P 1 is maximized for a particular N and also 
that a strong dependence of R on nitrogen concentration results from the increase in E, 
Wfr, and SLA with increasing N (Hirose, 1988). However, in this study the mean 
plant nitrogen concentration ranged from 0.0071 kg kg' for stage 1, through 0.0083 kg 
kg- ' for stage 2, to 0.0056 kg kg -1 for stage 3. There was small inexplicable increase in 
NC  at stage 2 perhaps representing an optimum. From the central relationship, equation 
(5.20), an increase in NC  also causes an increase in N1,  and ultimately the fraction of 
nitrogen in the leaves also increases. Thus, P N  must be maximized at a higher level of 
nitrogen concentration than that of maximum P in,However, from equation (5.21) PN 
may be increased by an increase in P, and / or the increased allocation of nitrogen to the 
leaves, but increased allocation of nitrogen to the leaves may sometimes reduce the 
efficiency of nitrogen use in the leaves (Hirose, 1984), and hence also reduce P N.  It 
has been suggested that PN  may be maximized at an intermediate nitrogen availability 
(Hirose, 1988). 
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5.4 General remarks 
The growth of a tree depends on many dynamic processes, at various levels from 
molecular through cellular, to organs and to the whole plant. The rate of change in these 
processes depends on the environmental conditions and the genotype, and the integral 
of the rates of these interacting processes at any point of time produces the biomass of 
the trees (Landsberg, 1986). Growth, translocation and nutrient movement are 
continuous processes, but in the longer term the amount of dry matter produced must be 
proportional to the mass of nutrient absorbed. Therefore, quantitative analysis is 
necessary to explain the growth of the trees in the age series of this study, in terms of 
the physiological processes involved and the way these processes are affected by the 
environmental conditions to which the trees are subject. To make quantitative 
predictions the behaviour of the system must be described in mathematical terms. In 
order to avoid complexity, growth analysis methods were used to analyse the tree 
growth data so as to understand growth and nutrition of the trees in the field. The 
first-order exponential polynomial equation (5.4) provides a useful tool for modelling 
plant growth within the limits imposed by the experimental data, especially if a single 
value of R is needed for comparative purposes (Hunt, 1982). The data in this study are 
not inconsistent with exponential growth. 
It has been recognized that exponential growth is compatible with stable internal 
nitrogen concentrations (Agren, 1985). Where nitrogen uptake is increasing 
exponentially, R has previously been shown to equal RN (Ingestad and Lund, 1979). 
The demand for nutrients is determined by the growth rate of the plant, and to obtain a 
stable internal nutrient status the nutrients should be applied according to the growth 
rate (Ingestad, 1987, 1988). The results in this study indicate that stable conditions 
must have been achieved since the relative growth rate and nitrogen uptake rate were 
found to be very close (R = 0.69 a 1 , RN = 0.66 a-1 ) and consequently growth and 
nitrogen content are inbalance. It is important to realize that it is the rate of supply and 
uptake of nutrients, and thus the nutrients in the trees, that are of prime interest, and not 
the total amount of fertilizer added nor the concentration of a nutrient solution. These 
ideas are of particular importance to the field of plant nutrition and fertilizer application 
and, in areas where nitrogen is the principal limiting element, lead to the conclusion that 




It is clear from analysis of the data presented that P N  is a useful concept in 
interpreting the results and is likely to be a good index for forest productivity. Nitrogen 
productivity has also been used to explain growth patterns of young plants of broad-leaf 
species cultivated in controlled environments in nutrient solution (Ingestad, 1982). As a 
development, nitrogen productivity could be formulated mathematically as a 
process-based model to achieve better understanding of forest growth under both 
natural and perturbed conditions. It has been shown, for example, that P N  can be 
expressed as a linear function of the amount of leaves produced (Agren, 1983) and 
simple models, including PN, have also been formulated also including the allocation of 
biomass between stem and leaf biomass, as well as between foliage and leaf litter 
(Ingestad et al., 1981; Agren, 1983). A nutrient flux density model based on nitrogen 
productivity has been used to analyse the dynamic effects of both the nutrient sources of 
mineralization and fertilization as well as the feed-back of fertilization on the natural 
nutrient flux density of coniferous ecosystems (Ingestad et al., 1981). Agren (1983) 
tested this model against measured leaf production of conifers in order to predict 
maximum theoretical foliage production of conifer forests growing in ecologically 
different zones. The results indicate a general pattern and confirmed that the decrease in 
N with increasing needle biomass is a result of increased shading within the canopy. 
The spruce has much lower PN  but also shows very little reduction in P N  with 
increasing biomass, because spruce is a semi-shade-tolerant species and grows 
satisfactorily under relatively low light. 
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CHAPTER 6 
GENERAL DISCUSSION AND RECOMMENDATIONS 
6.1 The thesis in specific context: 
the dynamics of nutrition and growth 
An understanding of the dynamics of nutrients, or nutrient cycling, is essential for 
understanding and predicting the effects of nutrition on forest growth. Such realization 
has led to a considerable amount of research, in recent years, on nutrient contents, 
forest biomass and nutrient dynamics (Miller, 1984; Landsberg, 1986). Nutrient 
movement from soil to leaves, growth and translocation are Continuous processes, but 
the analytical techniques commonly used cannot identify the short-term changes. In the 
longer term, the amount of biomass produced must be proportional to the mass of 
nutrient absorbed. However, steady state conditions are unlikely to occur over short 
periods in any system. A tree or forest has reached steady state when the long-term rate 
of leaf production is approximately matched by rate of leaf loss, which is likely to 
happen if both leaf growth and loss are more or less continuous (Landsberg, 1986). 
The biomass distribution of a tree population varies with forest structure and site 
characteristics: competition is also likely to affect not only the biomass of trees but the 
relative biomass of their component parts as well (Pearson et al., 1984). The first step 
in the process of estimating forest productivity is the determination of total dry matter 
production, which is partitioned among roots, stems, branches and foliage. The relative 
sizes and growth rates of the component parts of trees vary greatly, particularly in the 
proportion of the assimilate allocated to roots. Evidence currently available indicates that 
more assimilate is directed to roots in poor nutrient conditions than in good conditions 
(Thornley, 1977; Reynolds and Thornley, 1982; Hirose, 1984; Oscarson etal., 1989a 
& b). Numerous data have been obtained by destructive harvesting on the ratios of the 
different component parts of trees to one another (Ovington, 1957; Forrest and 
Ovington, 1970; Madgwick et al., 1977; Albrektson, 1980), but the mechanisms 
governing these ratios are poorly understood (Landsberg, 1986). The movement of 
assimilate to different organs of plants at any time depends on the activity of these 
organs at that time. Such activity under field condition determines the sink strengths and 
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is highly influenced by environmental variables, as well as by the stage of development 
of the particular organ (Gordon and Larson, 1968). Ideas about the specific activity of 
organs and the analysis of biomass of forest trees in terms of allocation ratios can 
provide valuable information to supplement the empirical data (Lang and Thorpe, 
1983). The concepts of harvest index (the ratio of the weight of useful product, such as 
the stem, to total biomass) (Jarvis, 1981), or stem growth per unit leaf area as a 
measure of tree vigour (Waring et al., 1980) are useful guides to carbon allocation and 
analysis of the carbon budgets of trees. 
The physical conditions actually prevailing at the sites of physiological processes 
are determined by interactions between weather conditions and stand structure. The way 
the stand itself modifies weather conditions to produce its own microclimate, needs to 
be appreciated. Realization of the importance of stand structure in determining canopy 
microclimate paves the way for an understanding of the consequences of silvicultural 
practices that alter tree spacing and crown density (Monteith, 1973; Jarvis, 1976; 
Campbell, 1977). The most important structural characteristics of forest stands are their 
leaf area index and leaf area density. These determine the amount of radiation that is 
absorbed by a stand, and hence the amount of CO 2 taken up in photosynthesis, as well 
as the aerodynamics and the amount of water vapour transpired in the canopy (Norman 
and Jarvis, 1974; Monteith, 1977; McMurtrie et al., 1986). Radiant energy is the key 
driving variable for photosynthesis and hence carbon assimilation, so that absorption 
and utilization of energy by forests is of paramount importance in determining tree 
growth. The rate at which nutrients are required by trees must depend on the carbon 
assimilation rate, determined by radiation interception, environmental variables and 
assimilate allocation strategy. The assessment of fertilizer applications, which may 
change allocation ratios to increase foliage area, or the control of pests and diseases that 
may reduce foliage area, are of considerable importance to forest productivity 
(Landsberg, 1986). 
The brief discussion of production modelling in previous chapters has served to 
illustrate the usefulness of the empirical data obtained in this study to explore the 
consequences of changes in canopy structure and the effectiveness with which leaves 
convert radiant energy into dry matter. However, there has been no investigation of 
steady-state nutrient status and plant growth so far in field conditions, despite the 
current considerable interest in nutrient dynamics and plant growth. Therefore, I will 
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examine in this chapter the various results of this study in a conclusive nutshell, so as to 
explore the dynamics of growth and nutrition, allocation, nutrient uptake and cycling in 
relation to the growth of trees and hence changes in the state of forests. 
6.2 The dynamics of biomass and nutrition 
As a result of the economic consequences of any decline in wood production and 
the increasing use of fertilizers, interest is growing in obtaining biomass data to 
investigate the ecological and physiological dynamics of forest plantations, particularly 
with respect to nutrient distribution and productivity. The understanding of forest 
ecosystem dynamics is essential for intensified management practices, such as 
fertilization, thinning, fuelwood plantations, pulpwood harvesting and complete tree 
utilization (Kimmins, 1973a & b; Webber, 1977; Wells and Jorgensen, 1978; Hepp and 
Brister, 1982). Such practices involve a considerable increase in the amounts of 
nutrients and organic matter removed from the site, and this may have serious long term 
implications for site fertility (Leaf, 1979; Carey and O'Brien, 1979). 
The significant correlations between dry mass, nutrient contents and tree 
dimensions for the different component parts of the trees at the three stages show that it 
is possible to establish satisfactory simple regression equations with one or two 
parameters that are easily measured. Such allometric relations can be used as the basis 
of indirect assessment methods of determining biomass and nutrient contents of the 
various tree components. The data also suggest that dry mass can be an alternative to 
volume as the basic unit of measurement in practical, professional and scientific forestry 
(Young, 1973), and this is especially appropriate when considering the new trend of 
whole tree harvesting systems and multipurpose use of forests. The total nutrient 
content of the above-ground biomass at the three stages closely reflects changes in dry 
matter content as a result of the combined effect of changes in nutrient concentration and 
organ weight. The changes in biomass and nutrient content of Sitka spruce trees up to 
canopy closure provide some measure of the dynamic processes involved and the 
relationships between nutrients and biomass in the different component parts of the 
trees. Such changes could be used as a means to improve ecosystem classification. An 
age effect was expressed through the changing distribution of biomass between 
components and was clearly manifested in a relative reduction of foliage and an increase 
in woody tissue near canopy closure. The drop in leaf dry mass and nitrogen content as 
a result of retranslocation maintained the nitrogen contents of older foliage relatively 
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stable with increasing tree size. It is likely that in the early years the population of leaves 
as a whole is more favourably placed environmentally for high rates of photosynthesis 
than in later years when the trees are subject to competition and self shading. 
The most striking feature of the biomass and nutrient distributions of Sitka spruce 
trees at the three stages is that the leaves and branches constitute over 65 % of the 
production and that they contain over 75 % of the N, P and K nutrients. This accounts 
for the increasing interest in complete tree harvesting systems in forestry in recent years 
(Young, 1974; Keays and Hatton, 1976), but the high concentration of nutrients in 
these components illustrates the increased drain on the nutrient budget that would arise 
should complete tree utilization systems be implemented. However, the trees are still 
very young and considerable redistribution of both nutrients and organic matter can be 
expected as the stand develops (Madgwick, 1977; Webber, 1977). 
Should Sitka spruce forests also become an economic, renewable source of energy, 
so that pulpwood harvesting or whole tree utilization becomes the trend, the results 
reported in this study could provide a basis for estimating the nutrient drain on forest 
sites, and leads to a better style of stand management for energy capture. From this it 
may be concluded that Sitka spruce is a lucrative species for increasing dry matter 
production and maximizing canopy photosynthesis on unfertilized soils. The efficiency 
of young Sitka spruce canopies can be attributed to the high annual net assimilation rate 
coupled with a stable nitrogen condition. 
6.3 Canopy structure and productivity models 
Interception and absorption of radiant energy is a major determinant of productivity 
in tree crops and there are many examples of a direct relationship between light 
interception and productivity for a number of tree species (Byrne et al., 1986; Cannell et 
al., 1987). A number of empirical models have been developed to evaluate light 
absorbed by leaves and plant growth (Monteith, 1981; Warren Wilson, 1981). Since 
the rate of growth in leaf biomass and the area available to intercept radiant energy is 
strongly dependent on nutrient availability, analysis of nutrition I growth relationships 
becomes of considerable importance in forest productivity. With additional knowledge 
of how both foliage and essential chemical elements are distributed in the canopy of 
stands on unfertilized soils, the essential structural relationships for a more 
ecologically-based model of stand growth become available (e.g. Hirose and Werger, 
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1987a & b). 
Because leaf area index and leaf area density determine the amount of radiant 
energy absorbed by a stand, accurate estimation of these two parameters is of 
considerable importance. In this study the basal diameter measurements of the Sitka 
spruce trees provided an adequate basis for the development of a leaf area: basal area 
relationship prior to canopy closure. The measurements of cross-sectional area at the 
mid-point of each internode through the crown indicate the importance of considering 
both diameter at the base of the live crown and d.b.h. for leaf area determination of 
large trees in a forest stand, regardless of their age or site. The normalization procedure 
used for leaf area density and leaf nitrogen mass density reveals the parallel between the 
two and indicates the importance of canopy structure in determining leaf nitrogen 
content and photosynthetic capacity, especially with respect to age structure dynamics 
and position of leaves within the tree crown. 
The evaluation of leaf nitrogen on an area basis suggests that nitrogen redistribution 
is more effective in dense stands of Sitka spruce compared to open stands. This 
indicates that there is a greater tendency to partition leaf nitrogen along gradients of 
light exposure in the canopy when nitrogen is limiting. This may enhance whole plant 
carbon gain above that possible from a uniform distribution of fixed amounts of 
nitrogen among leaves of different age class in the canopy. It has been suggested that 
the major influence of increased nitrogen concentrations in relation to light exposure is 
an increase in the photosynthetic capacity of partially shaded leaves rather than in the 
maximum capacity of highly exposed leaves (De Jong et al., 1989). To measure the 
changes of the photosynthetically active surface area, a model was developed for SLA 
distribution within the canopies of young Sitka spruce stands, and this indicated the 
potential of the photosynthetic apparatus to acclimate to low light conditions in dense 
stands compared to open stands. Thus, the comparatively stable canopy seems to 
develop morphological and physiological gradients of acclimation that parallel the 
gradient of decreasing light with increasing depth in the canopy. 
These relationships between leaf nitrogen content, leaf photosynthetic capacity and 
leaf light exposure provide an opportunity to study the interactions between plant 
nitrogen status and nitrogen partitioning under field conditions. However, species differ 
widely with regard to their strategic priority of resource allocation and use of energy. 
To formulate a more complete model for modelling allocation, it is necessary to 
understand and quantify the basic processes in more detail for a wider range of 
physiologically and ecologically distinct species (Ingestad and Agren, 1988; Oscarson 
et al., 1989a & b). Nevertheless, productivity models based on the empirical results of 
this study lead to a more reliable sampling system of the heterogeneous nutrient 
distribution in the canopies of young Sitka spruce trees and could be used to establish 
better relationships between nutrient gradient concentrations, plant nutrient status and 
prediction of a suitable fertilizer application. 
6.4 The experimental approach and optimum nutrition 
The sites were carefully selected on brown earth soils so as to reduce the possibility 
of nitrogen stress. Although pioneering work by Ingestad (1982) demonstrated 
application of the concept of relative addition rate in laboratory experiments with small 
seedlings, the results of the experimental design with three stages used here indicate 
very clearly that stable nitrogen status has been achieved in field conditions. The relative 
nitrogen uptake rate (RN = 0.66 a') was found to be very close to the relative growth 
rate (R = 0.69 a 1  ). The stable nitrogen status obtained in this experiment does not 
mean that there is a uniform nitrogen concentration throughout the trees but rather a 
variation around an average value or, to be more exact, a dynamic coupling between 
nitrogen content and growth rate. The trees have been in this dynamic state until they 
reached a stable internal nitrogen concentration at stage 3. If the experiment had been 
conducted on the same site throughout, the results might have been different. However, 
the nitrogen contents of the stage 3 trees are a clear indication of stable internal nitrogen 
status, especially when considering also the agreement between the distribution of leaf 
nitrogen with the optimum distribution and the acclimation of the photosynthetic 
apparatus to low light conditions. Clearly, if a stand can be established carrying such 
optimum distributions, then fertilizer applications in rates surpassing the current 
mineralization rate and enhancing the natural flux density of nutrients rather than the 
nutrient concentrations in the soil (Ingestad, 1982, 1988), may produce dramatic 
changes in tree and stand development. Thus increased nitrogen addition will lead to 
increased productivity per unit nitrogen up to an optimum, and not a diminishing return 
as traditionally suggested (Ingestad, 1977). 
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6.5 Plant growth and dry matter allocation 
Although growth analysis techniques in forestry have previously been restricted to 
nursery seedlings, the investigations carried out in this study show that useful results 
can be achieved by adapting such techniques to young trees. In this study, steady-state 
nutrition has been demonstrated by using growth analysis techniques. Component 
production rates have also proved to be a useful tool for understanding changes in the 
different tree component parts with age, as well as leading to a better interpretation of 
responses to environmental variables. The growth analysis methods used have provided 
new insights into allocation of dry matter among different tree component parts and this 
may promote more realistic models of allocation to be developed for use in mechanistic 
models of forest production. The relative growth rate of stem (R)  was higher than that 
for the whole tree (R), indicating that stems are a major preferred sink for carbon in 
Sitka spruce. However, comparison between the component relative growth rates and 
the corresponding relative nitrogen uptake rates indicates that stable nutritional status 
must have been achieved for the different component parts of the trees. 
The physiological basis for decreased relative growth rate in the older trees is the 
result of a relative reduction in growth of the assimilatory apparatus of leaf area and leaf 
nitrogen. This may be attributed to the combined effects of better illumination and 
adequate maintenance of leaf nitrogen throughout the crowns of larger trees. Nitrogen 
productivity has proved to be a useful index for forest productivity on different sites. In 
this study, nitrogen productivity showed relatively conservative behaviour through 
time. However, nitrogen use efficiency increased substantially in the older trees and this 
may largely be attributed to the failure of leaf nitrogen to keep pace with growth, 
leading to the decrease in leaf nitrogen content with age. 
The steady-state situation reflects a progressive improvement in soil nitrogen 
availability as the trees age, since atmospheric inputs and biological nitrogen fixation are 
not significant (Granhall and Lindberg, 1978; Soderlund, 1981; Heal eral., 1982). The 
initial nitrogen supply seems sufficient to meet early growth demands as the initial 
nitrogen requirement of the trees can be met by the temporarily improved rates of 
mineralization following cultivation (Powison, 1980), or the increased mineralization of 
native organic nitrogen as a result of the common practice of ground mineral phosphate 
application at planting (Carey et al., 1981). Early tree growth is exponential and is 
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associated with an exponentially increasing demand for nitrogen which is met by the 
exponential growth of the root system that exploits a greater soil volume. However, the 
stable nitrogen status achieved must have been associated with internal redistribution of 
nutrients since the mineral soil may play only a minor role in tree nutrition over time 
(Switzer and Nelson, 1972). Since plants react to nutrient status with very distinct 
growth and allocation patterns of biomass and nutrients, the allocation strategy is 
expected to follow the steady-state nutrient equilibrium (Ingestad and Kahr, 1985; 
Agren and Ingestad, 1987). However, in poor growing conditions, plants tend to 
allocate dry matter to roots rather than to extend leaf area. This is quite adaptive in the 
sense that exponential growth of roots enables more nutrient uptake and enables the 
plant to maintain a high photosynthetic capacity and better growth (Hirose, 1984). On 
fertile sites, or with fertilizer application, carbon and nitrogen are allocated preferentially 
to leaves in a similar adaptive manner so as to develop a large area for light interception 
and better growth (e.g. Cromer and Jarvis, 1990). The situation of Sitka spruce trees at 
stage 3 may be stable but critical, and once fertilization and thinning regimes are 
implemented, the trees would divert more assimilates to new leaves for energy 
interception and better growth. 
To shorten the rotation, one should clearly aim at optimum nitrogen status when the 
nitrogen productivity curve is at maximum (Ingestad, 1979), and if this optimum is 
associated with a proper allocation strategy, substantial gains in forest productivity are 
achieved. McMurtrie (1985) hypothesized that the partitioning and allocation strategy 
would shift towards an optimum when both nutrient and assimilate are simultaneously 
limiting. However, it is clear that the distributions of nitrogen and carbon in unfertilized 
Sitka spruce forest stands in a steady-state condition are consistent with an optimum 
distribution of leaf area and leaf nitrogen and that higher productivity could be achieved 
through the application of fertilizer in an appropriate regime. Such a fertilization regime 
should be compatible with the nutrient supply rate in natural stands at higher stable 
levels of nitrogen availability to which growth rates and needle retention adjust 
accordingly. In contrast, managed stands are generally subject to greater fluctuations in 
nitrogen supply as a result of infrequent periodic fertilizer application which makes it 
more difficult for the relative growth rate to adjust to changes in nitrogen availability. In 
addition, other nutrients are commonly supplied as fertilizer in the absence of nitrogen, 
resulting in an imbalance of supply and the development of nitrogen deficiency. This is 
accompanied by nitrogen withdrawal from older foliage with the resultant shedding of 
needles (Miller, 1981). Thus, a new fertilizer regime should be more consistent with the 
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demands of trees if it is to lead to substantial increases in production and soil fertility. 
Such a fertilization regime requires many small applications of all necessary nutrients in 
fixed proportions in relation to nitrogen, adjusted to the current potential for carbon 
assimilation of the plants and the current nutrient flux density. The fertilizer should, 
therefore, be applied by irrigation or using slow release fertilizers (Ingestad, 1977; 
1988). 
Establishment of this principle is clearly a research priority if the optimum return 
on investment capital is to be achieved. To this end, it is important to initiate new 
fertilizer experiments like the SWECON Project (Aronsson et al., 1977; Aronsson and 
Elowson, 1980; Ingestad et al., 1981), so as to investigate possible fertilization regimes 
with regard to the growth efficiency attainable with a minimum of fertilizer loss. It is 
equally important to compare the distribution and the turn-over rates of the nitrogen and 
carbon pools in a nutrient saturated system in order to get better estimates of important 
parameters in relation to the nitrogen productivity concept in the field. 
6.6 Experimental limitations 
Realization of steady-state nutrient status and optimum nutrition are of paramount 
importance in evaluating nutrition / growth relationships under field conditions (Tamm, 
1968). To ensure an optimum nutrient supply rate, the concentration of a nutrient in the 
soil solution should be maintained above a certain critical level below which yield is 
reduced (Mengel and Kirkby, 1982). This level is not fixed but is inversely related to 
the soils buffering capacity (Mengel and Busch, 1982), and for ammonium this will 
depend on the cation exchange capacity of the soil and the rate of mineralization. 
Nitrogen mineralization is strongly influenced by site moisture and temperature 
(Popovic, 1980). The content of phosphorus in the soil and litter is increasingly being 
recognized as a potential control of mineralization (Chapin et al., 1978; Cole and Heil, 
1981). 
In unfertilized soils, nitrogen availability is largely determined by nitrogen 
mineralization involving the microbial conversion of soil organic nitrogen to 
ammonium. Ammonium can sometimes be oxidized to nitrate, and highly productive 
soils often have a high potential to nitrify (Vitousek et al., 1982). The presence of 
phosphate may also control nitrification (Purchase, 1974). Nevertheless, under forest 
conditions trees can probably utilize whatever nitrogen is available (Wollum and Davey, 
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1975). The available nutrient pool is maintained by the continuous degradation of 
organic material by microbes, releasing nitrogen as exploitable inorganic forms. Since 
nitrogen cycling is a biological process it is influenced by a range of environmental 
variables, and as a consequence, considerable differences exist between cycling in 
different ecosystems (Gosz, 1981; Melillo,1981). Vegetation influences nitrogen 
mineralization and nitrification through competition with microbes for nutrients and 
through litter quality and quantity (Vitousek et at., 1982). 
However, highly complex relationships exists among nitrogen mineralization, 
nitrification, productivity, species composition, phosphorus supply and site moisture 
status. Pastor et al. (1984) hypothesized that, given enough time without disturbance, 
these interrelationships approach a steady-state. Considerable work was done in this 
study in relation to nitrogen mineralization and vegetation analysis of the three stages 
during one growing season in an attempt to assess below ground processes in relation 
to above ground biomass dynamics in the steady-state situation. However, the time 
taken in sampling, harvesting and modelling the above ground biomass dynamics has 
prevented assessment of the two processes together. This assessment may be made 
later. 
The roots have not been considered in this study because of the practical difficulties 
involved in their excavation, even though roots may account for 15 to 30 % of tree 
biomass (Fogel, 1983; Perrson, 1983) and 19 to 32 % of tree nitrogen (Henderson and 
Harris, 1975; Wells and Jorgensen, 1975; Fogel, 1980). The availability of nitrogen 
influences nitrogen uptake through the uptake rate per unit root length rather than the 
mass of roots (Hirose, 1984; Agren and Ingestad, 1987, Ingestad and Agren, 1988). 
Consequently, a stable relative uptake rate seems to be more dependent on root growth 
rate rather than on root biomass. Resources allocated to the roots are not used to 
increase the uptake efficiency of the roots but to increase root growth rate so as to 
increase replenishment of nutrients from the surrounding soil (Ingestad, 1988; Ingestad 
and Agren, 1988). The exclusion of roots must be considered a drawback in this study 
and prevents a full understanding of carbon allocation strategies as well as of uptake 
and recycling of nutrients within the system. However, the study did not aim to 
quantify all aspects of nutrient and biomass dynamics but aimed to test the key ideas of 
growth in relation to steady-state nutrient status and to identify the optimum conditions 
which could result in high productivity. In this, the study has been largely successful. 
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